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Mechanical properties and constitutive model of vascular tissue provide 
quantitative understanding to the vascular tissue. This study investigates the 
mechanical properties of arterial wall harvested for constructing vascular graft, 
particularly the hyperelasticity and nonlinear viscoelastic properties. Our 
experimental data with porcine vascular tissue showed that the relaxation behavior of 
the vascular tissue is strain dependent. Nonlinear viscoelastic property should be 
considered in constitutive modeling of vascular tissue. The strain dependent relaxation 
behavior has been reported for skin, ligament and tendon. However, similar 
investigation on vascular tissue is not available. 
A new quasi-linear viscoelastic constitutive model, consisting of strain energy 
based nonlinear stress function and a modified reduced relaxation function, is 
proposed to describe hyperelasticity and nonlinear relaxation behavior of the arterial 
wall respectively. The new constitutive model accurately represents the experimental 
data from measuring the mechanical properties of porcine arteries. This new 
constitutive model could be used to study the effects of cryopreservation on human 
vascular graft.      
The hyperelasticity of vascular tissue was modeled using the combined 
logarithmic and polynomial strain energy equation. Assumptions in derivation of 
strain energy based nonlinear stress function were discussed and experimentally 
verified. The viscoelastic behavior of arterial wall was modeled by modified reduced 
relaxation function which consists of a reduced relaxation function and a corrective 
factor. The strain dependent relaxation behavior was modeled by the corrective factor 
(in the form of rational equation) incorporated with Prony series function. The 
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proposed rational equation correlates the relaxation behavior at different strain levels. 
The performance of this model was compared with an existing model intended for 
ligament. Our model matched the experimental data of porcine arterial wall with a 
significantly smaller error compared to that of the existing model. 
An experimental system was designed and built to acquire data on 
hyperelasticity and viscoelasticity of blood vessel. The experimental system enables a 
series of mechanical tests, including tensile and relaxation tests (uniaxial tests) to be 
performed. This experimental system also enables pressure-diameter tests (biaxial 
tests) to be performed. A customized clamping device was introduced to address the 
difficulties in handling tubular vessel tissue. 
Uniaxial tensile tests and relaxation tests were performed on both human and 
porcine blood vessels. A pair of human iliac artery and vein was tested after 4 months 
of preservation at -80oC without preservation medium. Both artery and vein have lost 
their extensibility and became stiffer compared to that of the fresh artery. Tensile and 
relaxation tests of circumferential and longitudinal porcine arterial wall specimens 
have been performed. Specimen was tested from strain of 0.2 to 0.8 (circumferential 
specimen), and from strain of 0.1 to 0.7 (longitudinal specimen) with incremental step 
of 0.1. The specimen was held for 900 seconds at each constant strain level for 
relaxation. Force, strain, and time data upon tensile and relaxation were used for 
constitutive modeling of vascular tissue.  
The investigation on effects of cryopreservation on vascular graft is on going in 
accordance with a new experimental protocol approved by NUS Institutional Review 
Board (NUS-IRB).  
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Chapter 1 Introduction 
Biomechanics is an application of the principle of mechanics in biology. It seeks to 
understand the mechanics of living systems. With the knowledge of biomechanics of an 
organism, we can understand its normal function, predict changes due to alterations, and 
propose methods of intervention. As such the field of biomechanics encompasses 
diagnosis, surgery and prosthesis related work.  
Blood vessels are part of the circulatory system, branching and converging tubes 
which circulate blood to-and-from the heart and all the various parts of the body, and 
similarly for heart and lungs. Homograft remains the best graft for vascular replacement 
in organ transplantation, but it is not always available. Cryopreservation of cadaveric 
vascular grafts can potentially address the shortage in supply. An accurate mathematical 
model of vascular graft is an essential reference data in investigation of the effects of 
cryopreservation on vascular grafts. An efficient constitutive model for mechanical 
properties of vascular vessel is also an essential prerequisite for many other  
applications, such as improved diagnostics and therapeutical procedures that are based on 
mechanical treatments, optimization of the design of arterial prostheses, investigation of 
changes in the arterial system due to age, disease, hypertension and atherosclerosis and 
computer aided surgical simulation. 
There are many methods in testing mechanical properties of vascular tissue both in 
vivo and in vitro, such as ultrasonic Doppler techniques, magnetic resonance imaging, 
pulse wave velocity, and conventional mechanical testing methods [1]. In order to obtain 
the response of the vascular vessel at high stress and strain level, conventional method is 
Chapter 2 Literature Review 
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still the most reliable and accurate way. In this thesis, a testing system to determine the 
passive (un-stimulated by bioelectric pulse) mechanical properties is designed and built 
to acquire data for hyperelasticity and viscoelasticity. Based on the experimental results, 
strain energy principle is applied to mathematically model the mechanical behavior of 
vascular vessel. Porcine artery was chosen as our primary studies subject. The porcine 
circulatory system has similar size with that of human circulatory system, and the blood 
vessel is easily available from the slaughter’s house. 
Vascular vessel behaves hyperelastically and viscoelastically. These two properties 
depend highly on tissue’s physiological function and topographical site. Typical 
viscoelastic behavior of vascular vessel manifests itself in several ways, including stress 
relaxation, creep, time-dependent recovery of deformation upon load removal. Nonlinear 
viscoelastic property of vascular tissue has received less attention. In most cases, 
viscoelastic property was modeled to behave strain independently. Recently, researcher 
started to model the nonlinear viscoelasticity of soft tissue with strain dependent effects 
[2-9]. These models are reviewed in Chapter 2. We noticed from our experimental data 
that the arterial wall’s viscoelastic behavior is indeed strain dependent. Based on this 
finding, we study the strain dependent relaxation in detail. A quasi linear viscoelastic 
model is proposed to model the tissue’s relaxation behavior at different strain levels. A 
corrective factor is intruded to incorporate the conventional relaxation function to cater 
for the strain dependent relaxation. 
Vascular vessel is a typical biological soft tissue. The stress in soft tissue is not stable 
in the first few loading cycles [10]. Therefore Tanaka and Fung [10] had suggested 
performing preconditioning for biological soft tissue in 1974. The typical stress softening 
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effects, which occur during the first few load cycles, were no longer evident after a few 
loading and unloading cycles. Most of the preconditioned biological soft tissues exhibit a 
nearly repeatable cyclic behavior. The stress-strain relationship is predictable and the 
associated hysteresis is relatively insensitive to strain rates [2-4]. The elastic model 
obtained from the preconditioned soft tissue is named pseudoelastic models. In this thesis, 
we focused on the biomechanics of preconditioned materials.  
An important feature of the passive (un-stimulated by bioelectric pulse) mechanical 
behavior of an artery is that the stress-strain response during both loading and unloading 
is highly nonlinear. At higher strains or pressures the artery changes to a significantly 
stiffer tube. The stiffening effect originates from the effect of the embedded wavy 
collagen fibrils, which result in an anisotropic mechanical behavior of arteries [11, 12]. 
The fact is that the stress increases much faster than strain. This seems common to almost 
all biological soft tissues.  
Several methods are used for the mathematical description of the mechanical 
behavior of vascular vessel. Examples include fiber direction based constitutive modeling 
[13] and strain energy based constitutive modeling. Fiber direction based constitutive 
modeling makes used of information of microstructure of the soft tissue. It describes the 
vascular tissue comprehensively, but this type of constitutive model is very complex due 
to the complexity of microstructure, and required enormous computation resources in 
simulation work. Strain energy based models are another type of constitutive model 
which is often used. It provides comprehensive understanding on the interrelationship 
between stress, strain and time without the requirement on details of histological 
knowledge of vascular tissue. Several strain energy based models have been reported in 
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the last few decades [2, 3]. The early work by Patel and Fry [14] considers the arterial 
wall to be cylindrically orthotropic. This assumption has been generally accepted and 
used in the literature. In the recent research on biomechanics of vascular tissue, the 
arterial wall is further assumed to be transversely isotropic [6-11]. They were aimed to 
improve the accuracy and better representation of vascular vessel’s mechanical behavior. 
The objective of this study is to develop an energy based model capable of simulating 
the passive (un-stimulated by bioelectric pulse) mechanical behavior of vascular vessels 
in the large viscoelastic strain regime. In order to determine the various material 
parameters on the basis of suitable experimental tests, the mathematical model needs to 
be simple enough. At the same time, we aim to capture the hyperelastic response with a 
special emphasis on viscoelasticity. Thermodynamic variables such as the entropy and 
temperature effects are not considered here.  
This thesis is organized as follow. Chapter 2 provides literature review on the arterial 
histology, biomechanical behavior and mathematical modeling. Chapter 3 provides the 
details of our experimental hardware system and protocol. Chapter 4 begins with the 
basic theory of constitutive modeling (hyperelasticity and viscoelasticity). A modified 
reduced relaxation function is proposed to model the non linear relaxation behavior. 
Chapter 5 presents the experimental results obtained using the experimental setup in 
Chapter 3. Estimation of parameters for modeling hyperelasticity and viscoelasticity is 
shown in this chapter as well. Finally, Discussion and conclusion are given in Chapter 6. 
 
This study has contributed to the following scientific publications and/or presentation: 
 
1. Binh Phu Nguyen, Tao Yang, Florence Leong, Stephen Chang, Sim-Heng Ong, 
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for Augmented Reality Surgery”, 4th International Workshop on Medical Imaging and 
Augmented Reality, 2008, Tokyo, Janpan August 1-2,2008 
2. Jun Quan Choo, David Lau, Chee Kong Chui, Tao Yang, Swee Hin Teoh, 
“Experimental setup of hemilarynx model for microlaryngeal surgery applications”, 
3rd International Conference on Biomedical Engineering. 2009. p. 1024-1027. 
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CHAPTER 2 LITERATURE REVIEW 
2.1 Histology of Vascular Vessels on Mechanical Strength 
This section briefly reviews the histology of vascular vessels, and describes the 
mechanical characteristics of the vascular components that provide the elastic and 
viscoelastic properties. 
The blood vessels are part of the circulatory system and function to transport blood 
throughout the body. Blood vessels can be classified into two groups: arterial and venous. 
This is determined by whether the blood is flowing away from the heart (arteries) or 
toward the heart (veins).  
The size of vascular vessels varies enormously, from a diameter of about 25 mm (1 
inch) in the aorta to only 8 µm in the capillaries. The thickness of vascular walls varies in 
a large range. Strength of vascular tissue can be affected by many factors: nutrition, 
growth factors, physical and chemical environment, diseases, as well as stress and strain 
condition [15]. Despite the large range of variation diameter and thickness of vascular 
vessel, the components of the blood vessel walls have a common pattern. All vessels 
consist of smooth muscle, elastin, collagen, fibroblast and ground substance. The relative 
proportions of these components vary in different vascular vessels in accordance with 
their functions.  
Vascular vessels are composed of three distinct concentric layers, the intima, the 
media and the adventitia, as shown in Figure 1. 
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Figure 1 Cross section of blood vessel. The thickness of each layer varies in artery and vein, and 
topographical site [Credit: School of Anatomy and Human Biology, The University of Western Australia] 
 
Healthy intima is very thin and offers negligible mechanical strength [16].  However, 
the contribution of the intima to mechanical strength may become significant for aged or 
diseased arteries [17, 18]. The media (middle layer) and the adventitia (outermost layer) 
are responsible for the strength of the vascular wall and play significant mechanical roles 
by bearing most of the stresses. At low strains (physiological pressures), it is mainly the 
media that determines the wall properties [19]. Vascular vessel is heterogeneous media. It 
is a highly organized three-dimensional network of elastin, vascular smooth muscle cells 
and collagen with extracellular matrix proteoglycan [20]. However, vascular vessel can 
be considered as a mechanically homogeneous material [21]. This property will be 
explained in Section 2.2.2 Heterogeneity. 
The concentration and arrangement of constituent elements and the associated 
mechanical properties of vascular wall depend significantly on the species and the 
topographical site [10]. The ratio of collagen to elastin in the aorta increases away from 
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the heart [22]. Elastin behaves like a rubber band and can sustain extremely large strains 
without rupturing. The concentrically arranged collagen fibers, which are very stiff 
proteins, are the main contributor to the strength of arterial walls. Tensile response of 
vascular tissue varies along the aortic tree [10, 17].  
Veins possess similar structure to arteries, but veins have much thinner wall, less 
elastic media, and a thicker collagenous adventitia. In this study, we concentrated on the 
biomechanics of arterial wall. 
More information on histology of vascular tissue can be found in Appendix A. 
2.2 Modeling of Biomechanical Behavior 
Basic mechanical properties of vascular tissue had been studied very early. The 
earliest modern exploration can be ascended to 1840s [23].  
Experiments revealed that vascular tissue, like most of the biological soft tissue, are 
nonlinear, anisotropic and viscoelastic. Vascular vessels belong to the class of biological 
soft tissue. Soft tissue refers to tissues that connect, support, or surround other structures 
and organs of the body. Apart from blood vessels, it includes tendons, ligaments, fascia, 
fibrous tissues, fat, synovial membranes, muscles and nerves. Vascular vessels can be 
roughly subdivided into two types: elastic and muscular. 
Elastic vessels, such as the aorta and the carotid and iliac arteries, are located close to 
the heart (proximal arteries). Muscular arteries, such as femoral, celiac and cerebral 
arteries, are located at the periphery (more distal). Tanaka and Fung [10] had shown that 
smaller arteries typically display more pronounced viscoelastic behavior than arteries 
with large diameters. It is generally assumed that the content of smooth muscle cells 
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present in an artery is responsible for its viscosity. For example, Learoyd and Taylor [17] 
found that human femoral artery has high viscosity, and this is due to its very large 
content of smooth muscle. However, it is commonly found that biological soft tissue is 
mechanically anisotropic, hyperelastic and viscoelastic. 
Vascular tissue are heterogeneous through the wall and along their length, stressed in 
the load-free state, demonstrate insensitivity to the rate of imposed strain, and behave 
differently in the passive and activated states. They are treated as compressible when 
studying fluid exchanges within the wall, but they are treated as incompressible when 
studying macroscopic characteristics on timescales where fluid exchanges can be 
neglected.  
A comprehensive constitutive model remains a research goal for researchers. The 
following subsections describe preconditioning, heterogeneity, incompressibility, residual 
stress and strain rates effects of the vascular tissue. These properties were frequently 
encountered in the constitutive models presented in later sections 
2.2.1 Preconditioning 
When arterial wall is strained, irreversible changes are imposed onto internal 
structure and the mechanical properties change as well. It is found that the stress-strain 
relationship is highly strain history dependent, as illustrated in Figure 2. However, after 
several cycles of repetition process, the mechanical response becomes stable and 
repeatable. Tanaka and Fung had defined the loading and unloading cycles as 
preconditioning [10]. For all biological tissue, it is important to precondition the 
specimen before mechanical testing.  In our study, all data are obtained from 
preconditioned vascular tissue.  
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Figure 2  Typical preconditioning cycle. Loading cycles of soft tissue, each loading and unloading cycle 
would not be identical in the firs few cycles. Data are not stable and repeatable. Red: 1st cycle. Blue: 2nd 
cycle. Green: 3rd cycle. Magenta: 4th cycle. Black: 5th cycle. 
 
2.2.2 Heterogeneity 
Heterogeneity describes an object or system consisting of multiple items, and having 
a large number of structural variations. The vascular vessel is comprised of cells, elastin, 
and collagen. The distribution of these elements varies from the inner wall to the outer 
wall, as well as along the entire vascular tree. The histology of vascular tissue shows 
clearly that it is not homogeneous. Heterogeneity has been modeled with different 
approaches, such as a model having a two-layered cross section that represents the 
distinct wall layers in healthy blood vessels [24], a model that accounts for healthy and 
diseased histological components [25], and a model that further includes tissue 
microstructure [16]. In a heterogeneous model, the material parameters depend on the 
wall constituents and their spatial distribution and direction. 
Many studies on arterial mechanics assume that the artery wall is mechanically 
homogeneous. The validity of this assumption was demonstrated by Dobrin [21].  The 
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local deformations of elastic lamellae were measured at 4 equidistant locations across the 
media. With pressurization, these lamellae could undergo deformations depending on 
their respective mechanics. The cross sectional area is constant during experiment 
(inflation) because of the incompressibility of the arterial wall (to be discussed in next 
section). Therefore, the inner wall of the artery specimen undergoes greater deformation 
in circumference than that of the outer wall. This is manifested in the thinning of the wall. 
In order to account for constant cross-sectional area, Dobrin measured the deformation of 
4 index elastic lamellae in both their normal configuration and also with contiguous 
vessel segments inverted (inside out). The results were averaged to obtain the mean 
extensibilities of the lamellae independent of their location. The experimental results 
showed that the extensibility of the elastic lamellae across the thickness of the media is 
uniform, as shown in Figure 3. Therefore he suggested that arterial media act 
mechanically as homogeneous materials, although they are histological heterogeneous. 
From a macroscopic perspective, this assumption is realistic. 
 
(a)                            (b) 
Figure 3 (a) Four layers assigned on the cross section of the artery wall. (b) The average stretch ratio of the 
four layers [21]. 
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2.2.3 Anisotropy 
 Anisotropy is a local property of a solid. It characterizes the dependence of the 
mechanical response of an arbitrary point in the direction of the principle strain at that 
point. Vascular tissue is generally non-isotropic. This phenomenon is simply observed 
when the vascular specimen is stretched along longitudinal and circumferential direction 
at the same strain, the stress obtained was different. The arterial wall can be consider as a 
curvilinear orthotropic solid with respect to cylindrical coordinates [26]. It implies that 
the mechanical responses of the arterial wall (vascular tissue) are symmetrical with 
respect to the planes perpendicular to the coordinate basis. Patel and Fry [14] had 
quantitatively studied the anisotropy on canine artery. The aorta and carotid artery were 
suspended vertically and pressurized as shown in Figure 4 (a) and Figure 4 (b) 
respectively. The vascular vessels were pressurized to provide axial and circumferential 
loading at different pressure, and the rotation of the lower end were recorded. 
Components of strain, which are the indicator of anisotropy, were calculated from 
length L , radii R , and rotation anglesφ . Shearing strain Zθγ  is associated with torsion of 
the vessel by Z
R
Lθ
φγ = . They found that the shear strain zθγ and rθγ , at pressure 
270cmH2O (198.6mmHg), were smaller than the corresponding axial and circumferential 
strain by an order in magnitude for middle descending thoracic aorta, and abdominal 
aorta. Therefore, they suggested that the artery is cylindrically orthotropic. 
  In recent studies, the vascular tissues were assumed to have transversely isotropic 
properties [27-29]. In our study, we showed that the vascular tissue is orthotropic, and 
further assumed that it is transversely isotropic.  
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(a)           (b) 
Figure 4 (a) Pressurized blood vessel segment hanging vertically. (b) Measurement of shear strain [14]. 
2.2.4 Incompressibility 
Incompressibility indicates the conservation of volume during the deformation of a 
material.  Studies have shown that vascular tissue is practically incompressible when 
arteries deformed from load-free state to physiological state. Crew et al [30] had shown 
that the arterial wall changes its volume by 0.165% when it is inflated by a pressure of 
181 mmHg at in vivo length. The volume of the artery decreases by 0.13% when it is 
stretched to strain of 0.66. The changes in volume are due to the expulsion of water from 
the arterial wall. Chuong and Fung [31] had carried out experiments to apply uniaxial 
compressive force on rabbit thoracic artery. It was shown that the volume of arterial wall 
decreases 0.5-1.26% by radial compressive stress of 10kPa. At compressive stresses 
higher than 30kPa, the percentage of fluid extrusion per unit compression pressure 
decreases. Compared with results reported by Crew et al [30] and Chuong and Fung [31], 
Chapter 2 Literature Review 
 14 
we found that the volume changes in radial compression experiments are greater than the 
changes observed under conditions of inflation or tension, and the arterial wall is slightly 
compressible. However, the compression rate is very small, and it is therefore practical 
and reasonable to assume that arterial wall is incompressible in constitutive modeling. 
Continuum mechanics is an important tool in generating constitutive equation to 
describe the mechanical properties of arterial wall.  When analyzing deformation of an 
incompressible material in continuum mechanics, the components of the deformation 
gradient are not independent. It imposes certain restrictions and simplifications on the 
constitutive equation that describe the mechanical properties of the arterial tissue. 
The relationship of deformation gradient and incompressible material can be shown 
as follows. The deformation gradient, F, transforms the differential position vector from 
one configuration to another, providing a complete measurement of the body motion, can 
be expressed as 
∂ 










,       (2.1) 
where X describes the position vector of a body at time t= 0, and x describes the 
position vector in a later time t. 
With the absence of shearing element in the deformation gradient, deformation 















. For an incompressible object, 
1 2 3 1λ λ λ⋅ ⋅ = , where iλ  is the stretch ratio in each axis of coordinate. In other words, 
deformation along longitudinal direction due to a uni-axial force on the object will result 
in object deformation in the two traversal directions.  
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The incompressible assumption is an important foundation for the theoretical work in 
the subsequent section of this thesis. 
2.2.5 Strain Rates Effects 
Strain rates is a measure of how fast the specimen had been loaded during elongation 
or compression tests. It is defined as the ratio of the length of specimen over the loading 
speed. Researchers showed contradicting results on the relationship of stress and strain 
rates pertaining to vascular tissue [10, 32-36]. 
Tanaka and Fung [10] had applied a strain rates of 0.001 to 1.0 s-1 to test canine 
arterial tissue obtained from different places along the arterial tree. Specimens were 
tested in Krebs Ringer solution at 37 oC, pH 7.4-7.3. Lee and Haut [32, 33] applied high 
strain rates of 100-250s-1 and low strain rates of 0.1-2.5s-1 to test carotid artery and 
jugular veins of ferrets. Specimens were tested in physiological saline at 37 oC. Both of 
them found that stress is independent of strain rates. 
In contrast, Mohan and Melvin [34, 35] had shown that the ultimate stresses of human 
aortic tissue obtained at high strain rates were two times higher than that obtained at low 
strain rates in both longitudinal and circumferential direction. The strain rates they have 
applied were 0.01-0.07s-1 for low strain rates, and 80-100s-1 for high strain rates. 
Specimens were tested at 21oC with some spray of Ringer solution on them. 
 Recently, Stemper et al [36] had reported that the stress-strain curve of porcine aorta 
tissue was affected by strain rates. The specimens were tested at loading rates between 1 
to 500mm/s (equivalent to strain rates 0.06s-1 to 31.25s-1 [36, 37] ). The specimen was 
frozen in lactated Ringer solution before testing, and the experiment was carried out at 
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room temperature. The testing media was not reported.  
 
Table 1 Stress and strain rates dependency reported by researchers 
 
 
Table 1 summaries the testing conditions and results of the above researchers. It is not 
difficult to find out from the above published experimental results that specimens showed 
strain rate independence when they were tested in Krebs Ringer solution or physiological 
saline at 37 oC, and the specimens showed a strain rates dependence when the testing 
condition was not unified. It is commonly acceptable that the biological soft tissue should 
be tested in biological buffer media. The biological buffer mimics the body environment 
as close as possible. We have carried out experiments to verify the strain rates effects on 
our specimens. This will be discussed in Section 5.1 Effects of Strain rates. 
 Fung [38] mentioned that the stress at the same strain could be deferent by an order 
of two when the loading rate are different by million times. However, we are not studying 
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the behavior of vascular tissue at such a speed. This information could be very useful in 
the study of failure in soft tissue during accidents. 
2.2.6 Arterial Residual Stress and Strain 
Vito’s review [39] reported that Bergel DH was the first researcher that has observed 
the existence of arterial residual stress and strain. Bergel DH found that a longitudinal cut 
in an arterial section resulted in the opening angle of the artery, as shown in Figure 5 . 
The opening angle varies with the region of the artery tree [15, 40]. It ranged from 360o 
to 5o. The variation is due to non-uniform remodeling in the vascular wall [15]. 
 
Figure 5  Porcine abdominal artery, cut along the longitudinal direction 
 
The opening angle is the indication of residual stresses. Vaishnav and Vossoughi [41] 
were the first to measure the residual stress statically and to incorporate residual stress 
and strain in theoretical models. A total of 286 oval shaped rings aorta specimen were 
measured in the study. The tissue specimens were exercised from three bovine and six 
porcine aortas. The residual stress and strain are shown in Table 2.  
Fung raised a hypothesis to explain this residual stress in terms of its necessity in 
biological organ. ‘Each organ operates in a manner to achieve optimal performance in 
some sense. In particular, the residual stress in the tissue distributes itself in a way to 
assure such performance is consistent [42]. Later, Fung [15] suggested that the 
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implication of the residual stressing arteries is to make the stress distribution across the 
artery wall more uniform in vivo situ. 
Potassium is known to significantly affect the contraction force of the vascular 
smooth muscle, but Han and Fung [40] had found that potassium ion has little effect on 
the opening angle. This suggests that the opening angle is not sensitive to smooth muscle 
contraction.  
Table 2 Residual stress and strain (engineering) measure on bovine and porcine specimens [41]. 
 Strain in Bovine 
Specimens 





Intima -0.096 -0.077 -0.082 -0.188 X 105 Pa 
Adventitia 0.102 0.078 0.085 0.195 X 105 Pa 
 
In summary, we found that the vascular tissue can be modeled based on the 
following attributes: mechanically homogenous, transversely isotropic, incompressible 
and strain rates insensitive. In addition, the vascular tissue should be modeled on 
preconditioned specimen only. Vascular vessels exhibit numerous complex 
characteristics. Some of the properties are not discussed here, such as smooth muscle 
contractility and pressure-related dynamic wall motion. The mechanical properties 
described from Section 2.2.2 to Section 2.2.6 are the fundamental knowledge in 
constitutive law development.  Although the simplified mechanisms cannot completely 
explain the actual behavior of vascular tissue, important information is often revealed 
when the simplifications are included. In the next sections, several constitutive model 
developments are discussed and compared. The mechanical properties described above 
are used in many of the constitutive models introduced in the following sections. 
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2.3 Constitutive Modeling of Vascular Vessel 
The form of a constitutive equation depends on the property to be modeled. An 
important initial decision is whether to consider vascular vessel as homogeneous or 
heterogeneous. When the vascular vessel is treated as homogeneous material, 
development of constitutive model can rely upon the fundamentals of continuum 
mechanics. Homogeneous approaches assume that the macroscopic response of a 
material can be approximated by assuming locally averaged properties. It is assumed that 
the length scale of the microstructure is much less than the length scale of the material 
being modeled. Dobrin [21] had experimentally shown that the vascular tissues are 
mechanically homogenous (see Section 2.2.2 Heterogeneity) 
We treat the vascular tissue as a mechanically homogenous material. The focus of 
this section is the introduction of recent finite deformation approaches used in vascular 
vessel modeling. In general, there are three basic ways to identify specific forms of strain 
energy, W for a particular material [43] : 
• theoretically, based on microstructure arguments, 
• directly from experimental data, and 
• hypothetic method (trial and error). 
Theoretical identification requires direct derivation from the microstructure that 
contributes the mechanical behaviors. In practice, this approach is very difficult. It is 
difficult because of the need of rigorously identifying and mathematically describing all 
the distributions, orientations, and interactions of the constituents. Derivation from the 
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experimental data is the most common method. This method is adopted for this study. 
In constitutive modeling, vascular vessels can be treated as pseudoelastic, randomly 
elastic, poroelastic, or viscoelastic [39]. Pseudoelastic [44] model assumes that a material 
can be modeled using separate equations. Each equation describes the mechanical 
response of specimen in loading and unloading separately. In most experiments, loading 
in one direction is generally accompanied by unloading in another, making a precise 
definition of pseudoelasticity problematic. 
2.3.1 Pseudoelastic Models 
If a material is perfectly elastic, the existence of a strain energy function can often be 
justified on the basis of thermodynamics. Biological soft tissues are not perfectly elastic. 
Therefore, they cannot have a strain energy function in the thermodynamic sense [44]. 
Fortunately, a preconditioned biological soft tissue gives repeatable loading and 
unloading stress-strain response. With the additional condition of strain rates insensitivity, 
the loading and unloading curve can be considered as a uniquely defined stress-strain 
relationship which is associated with strain energy function. Fung [45] defined the 
mechanical properties obtained in each of loading and unloading process as 
Pseudoelasticity, and the corresponding strain energy function the pseudo strain energy 
function. 
In the early studies, there are two important pseudoelastic constitutive models based 
on strain energy density function. They are exponential model [46, 47] and logarithmic 
model [48]. 
The exponential model was proposed by Chuong and Fung [46] in 1983, 




QcW e= ,        (2.2) 
where 2 2 21 2 3 4 5 62 2 2RR zz RR ZZ zz RRQ c E c E c E c E E c E E c E Eθθ θθ θθ= + + + + + , ic 0...6i = are 
material constants, 
, ,R ZE θ is the Green strain. The subscripts , ,R Zθ indicate the variable 
in radial, circumferential, and longitudinal direction respectively. 
Chuong and Fung proposed a simplified exponential model [47] for two dimensional 
modeling   
2 2
2 3 52zz zzQ c E c E c E Eθθ θθ= + + .     (2.3) 
The logarithmic model was proposed by Takamizawa and Hayashi [48] in 1987, 
ln(1 )W C Q= − − ,        (2.4) 
where 2 21 1
2 2 zz z z z
Q c E c E c E Eθθ θ θ θ= + + , C and ijc are material constants. 
Humphrey [43] had shown that the logarithmic model and exponential model have 
limited ability to describe anisotropic behavior of vascular tissue. 
In the later stage, Fung proposed a combined exponential and polynomial model [49] 
to model the behavior of vascular tissue from zero-stress state to physiological state. 
Recently, Chui et al. proposed a combined logarithmic and polynomial model [50] in 
modeling of liver tissue. Liver tissue is considered as incompressible, transversely 
isotropic, and stress is insensitive to strain rates.  




Qc qW e Q= − − + ,      (2.5) 
where 2 21 2 42zz zzQ a E a E a E Eθθ θθ= + + , 2 21 2 42zz zzq b E b E b E Eθθ θθ= + + , ,i ia b  are material 




The combined logarithmic and polynomial model [50] was proposed by Chui et al. in 
2007, 
1 ln(1 ) 22
C qW Q−= +−
,       (2.6) 
where 
2 2
2 1 3 4 4 1 4
2 2
5 1 6 4 7 1 4
1 1( 3) ( 1) ( 3)( 1)
2 2
1( 3) ( 1) ( 3)( 1)
2
Q C I C I C I I
q C I C I C I I
= − + − + − −
= − + − + − −
 
Chui et al [50] had shown that the combined logarithmic and polynomial model 
provides lower statistical error than that of the combined exponential and polynomial 
model, although both models have the same level of complexity. Equation (2.6) has better 
overall accuracy in modeling the hyperelasticity of liver tissue. Since we observed that 
the vascular tissue has the same mechanical attributes as that of the liver tissue, equation 
(2.6) is adopted as the strain energy density function to model the hyperelasticity of 
vascular tissue.  
Besides the constitutive model derived from experiment (mechanical tests, such as 
tensile) in equation (2.2), (2.4), (2.5) and (2.6), there are other constitutive models derived 
based on microstructure of vascular tissue. They are proposed by Wuyts et al [51],  
Sokolis et al [52],  Holzapfel et al [16] and Ray et al [53].  We focused on deriving the 
constitutive model based on experimental data. Constitutive models derived based on 
microstructure is not discussed here. 
2.3.2 Viscoelastic Models 
There are two common methods in modeling the viscoelasticity of vascular vessel. 
They are linear viscoelastic model and nonlinear viscoelastic model.  
Maxwell, Voigt, and Kelvin are the basic linear viscoelastic models. The discrete 
Maxwell model is a dashpot in series with a linear spring. The Voigt model is a dashpot 
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in parallel with a linear spring. The Kelvin model is a combination of Maxwell and Voigt 
model, also called the standard linear model. (See Figure 6 (a), (b) and (c).) 
 
 (a)       (b)       (c) 
Figure 6 (a) Maxwell model (b) Voigt model (c) Kelvin model. η : damping coefficient, µ :spring 
constant, F : force. 
 
Force balances provide equations relating force, the time derivative of force with 
displacement, or the time derivative of displacement. The force-deflection for the above 
three models are 








Voigt model: F u uµ η
⋅
= + , (0) 0u = , 
Kelvin model: ( )RF F E u uε στ τ
⋅ ⋅




















ετ  and στ are known as relaxation times for constant strain and 
constant stress respectively. RE  is commonly referred to as the relaxation modulus. 
Kelvin model is the most commonly applied model, the relaxation function 
( )Q t describes the generalized behavior of a model when a force is applied in order to 
produce a deformation that changes at time t  = 0 from zero to unity and remains unity 
thereafter. For a standard linear solid, the relaxation function is written as 
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= − −  
  
,      (2.8) 
where the unit-step function I(t) is defined as  
1, 0









.       (2.9) 
In equation(2.8), ετ is the time of relaxation of load under the condition of constant 
deflection. στ  is the time of relaxation of deflection under the condition of constant load. 
As t tends to 0, the load-deflection relation is characterized by the constant RE  and 
hence, it is the relaxed elastic modulus or relaxation modulus.  
The creep function ( )C t represents the elongation produced by a sudden application 
at time t  = 0 of a constant force of magnitude unity. For a standard linear solid 
1/1( ) 1 1 ( )
R








= − −  
  
.           (2.10) 
In recent studies, Veress et al [54] had applied standard linear model on coronary 
artery and plaque. Linear viscoelastic model has limited abilities in modeling the 
viscoelastic behavior of vascular tissue. In this study, similar conclusion was drawn with 
regards to the standard linear model. 
Nonlinear viscoelastic model is another representation of viscoelastic property of 
artery. Quasi linear viscoelastic model (QLV) is a simplified nonlinear viscoelastic model. 
QLV [44] assumes that a viscoelastic kernel can be separated into time- and 
strain-dependent components. Strain-dependent component does not refer to strain 
dependent relaxation, it refers to stress obtained due to strain. QLV can model rate 
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insensitivity elastic stress-strain relationship and is simpler to implement than that of full 
nonlinear viscoelasticity, which often presents parameter estimation difficulties.  
Non-linear viscoelastic models for vascular tissue had been studied by Holzapfel et 
al [16] and Veress et al [54]. Holzapfe et al related the viscoelastic property with the 
microstructure. Veress et al studied viscoelastic property with the assistance of standard 
linear model. 
Holzapfel et al [16] modeled the vascular specimen as an compressible, thick-walled, 
fiber-reinforced composite tube. Media and adventitia layer were separately modeled to 
have an isotropic non collagenous neo-Hookean matrix material, with helically wound 
fibers having different orientations in the two layers. Fiber orientation was determined 
from histology using an automated method. Separate strain energy density function of the 
same form was assigned on media and adventitia layer. The strain energy function was 
decoupled into elastic and viscoelastic parts, with the elastic part further split into 
volume-preserving and dilatational parts 
1
( : ) ( ; , , ) ( ; , , , )
m




Ψ = + Ψ +∑ ,       (2.11)  
where Ψ is strain energy. The first two items on the right hand side describes the 








∑  describes the non-equilibrium state, i.e. the relaxation behavior. 
α =1,…m (m is the number of Maxwell model, as shown in Figure 7). a =1, 4, 6 is the 
type of collagen fibril. A and B are the material structure tensor at point X defined from 
the microstructure of the specimen. C is Cauchy Green tensor. 
1
( ; , , , )
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the viscoelastic stress distribution. 
 Viscoelastic model was implemented using a three-dimensional (3-D) generalized 
Maxwell model, as shown in Figure 7.  It was constructed by a free spring and m  












= − −∫ S
. where aαβ ∞  is free energy factor.  
 
Figure 7 Generalized Maxwell model proposed by Holzapfel [16] with m  Maxwell elements arraigned in 
parallel. ic : spring constants, 1η : damping coefficients, F : force, and u : displacement 
The advantage of this viscoelastic model is the incorporation of the microstructure of 
the vascular tissue. In the meanwhile, microstructure introduced a lot of parameters to be 
determined. In order to obtain a better modeling on the viscoelastic behavior, the number 
of Maxwell model has to be as large as possible. This will lead to an increase in 
computation time.  
Veress et al [54] modeled the vascular tissue as a thick-walled, axisymmetric 
cylinder. A standard nonlinear solid (SNS) model was applied to model the viscoelastic 
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behavior. The SNS was modified from standard linear solid model. i.e. a linear spring in 
SLS was replaced with a nonlinear spring in parallel with a Maxwell element, as shown 
in Figure 8.  The nonlinearity of the spring was expressed as  
1 2 3| | | | ...ei i i i i i i iE A B C Dε ε ε= + + + + .     (2.12) 
, ,i r zθ=  
where 1eiE  is nonlinearity of spring, , , ,i i i iA B C D  are constants for nonlinearity 
The constitutive model was obtained by solving the equilibrium state with stress and 
strain condition, as shown in equation (2.13) 
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There are altogether 11 parameters in the Standard nonlinear model. The model was 
implemented by manually adjusting the parameters (i.e iA  iB  iC  2E  and η , 
, ,i r zθ= ) to fit porcine artery stress relaxation data and stress-strain loading. 
 
Figure 8 Model of Standard None Linear Solid [54], 1e  is nonlinear spring, 2e  is linear spring 
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The above two cases had only studied the relaxation at a particular strain level, and 
did not relate all relaxation behavior at different strain levels together. At the same time, 
the complexity of the two models is relatively high. 
Yeung et al [55] applied quasi linear viscoelastic theory to model the relaxation 
behavior of skin. A polynomial reduced relaxation function (Equation (2.14)) was applied 
to model the relaxation rate 
( ) bt dt htQ t ae ce ge− − −= + + ,      (2.14) 
where , , , , ,a b c d g h are parameters obtained by fitting with experimental data.   
Yeung observed that the relaxation rate of skin tissue at different strain level behaves 
differently. Yeung et al [55] showed that the parameters associated with equation (2.14) 
are different for each strain level. This phenomenon showed that relaxation behavior is 
strain dependent. i.e. the relaxation behavior is not only a function of time, but a function 
of time and strain.  
Nonlinear viscoelastic property of arterial wall has received lesser attention. The 
recent studies on soft tissue started to consider the strain dependent relaxation behavior  
Strain dependent relaxation behavior had been studied on articular cartilage [2, 3], 
periodontal ligament [4, 5], medial collateral ligament [6-8]  and flexor tendon [9]. 
However, nonlinear viscoelastic property requires more efforts to explore due to the 
limited experimental data [4, 5, 8, 9] and experimental protocol [3, 6] in previous studies. 




= , where 
tσ  is stress at any instant t , 0σ is the stress at the beginning of relaxation process. He 
proposed a relaxation function in modeling ligament relaxation at different strain level 
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3 2( , ) a b c dQ t t ε ε εε + + += .     (2.15)  
The above relaxation function incorporated strain and time in the relaxation function. 
But the specimen was studied only at very low strain levels, i.e. 0.078 to 0.215 [5]. It is 
noticed that equation (2.15) lacks the ability to model the relaxation behave at time, 
0t = , or near 0. The relaxation rate in the beginning of the relaxation process is very 
significant. 
To the best of our knowledge, strain dependent relaxation data has not been reported 
on vascular tissue. In this thesis, strain dependency of relaxation is studied. The 
experimental results are shown and then modeled in later section. 
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 CHAPTER 3 EXPERIMENTAL SET-UP AND 
METHODS 
 
An experimental apparatus was designed and built to measure the mechanical 
properties of vascular tissue. It enables the performance of basic mechanical tests, such as 
tensile test, relaxation test, creep test and pressure-diameter test at required constant 
temperature. This experimental apparatus consists of five sections: control, execution, 
measurement, fixture and circulation. The work flow of the experiment system is 
illustrated in Figure 9. The apparatus performs functions including holding vascular 
vessels of various sizes, maintaining vascular vessel at constant temperature throughout 
experiment, perform loading and unloading, and collecting experimental data.  
The vascular vessel specimen was clamped by a set of customized tooling, and 
driven by motorized translational stages. Force was measured by a load cell, which is 
mounted in between vascular vessel and execution section. Displacement was measured 
by a laser displacement sensor. Video image dimension analyzer was used to monitor the 
dimension variation during Pressure-Diameter test. Physical dimension of the specimen, 
such as cross section area, vessel wall thickness, were calculated from the CT image 
acquired by a Micro CT machine. 
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Figure 9 Illustration of experiment work flow. 
3.1 Hardware Setup 
The mechanical properties which we are going to determine are measured in Vitro. In 
order for the experiment to be performed in an environment which is as close as that of in 
Vivo, the experimental apparatus was designed to maintain the environment at body 
temperature, and circulate Krebs Ringer solution to mimic the body condition. The pH 
values of the Krebs Ringer solution was continuously monitored and maintained between 
7.3 to 7.4. 
Figure 10 shows the conceptual design of the experimental apparatus. It includes four 
sections of the entire experimental design, i.e. fixture, execution, circulation and 
measurement. The computation section is not shown in the figure. The details of the 
Control 
Circulation 
 (Krebs Ringer solution) 







Temperature Sensing and Control 
Tissue Specimen 
Load cell and  
Displacement sensor 
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clamp and spring collets are shown in Figure 11.  
 
Figure 10 Overall view of hardware setup. (1) Fixture (2) Execution mechanism (3) Circulator (4) Base and 
tank, (5) Displacement sensor, (6) Load cell 
  
Figure 11 Section view of the assembly, and clamping feature for vessel specimen. 
 
The hardware was built according to the conceptual design, and it is shown in Figure 
12. There are 3 translational stages in the execution section. They are arranged in 
Cartesian co-ordinate configuration. Each stage provides one degree of freedom. The 
translational stage is driven by stepper motor. With the configuration of signal amplifier 
cards (item 9 in Figure 12), the stepper motor is able to rotate at 1600 pulses per 
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revolution, and therefore the execution section is able to achieve a 1/1600 mm resolution 
with the pitch of translational stage at 1mm. The stepper motor is controlled by Labview 
6.1 and PCI 1200. Pulse train was programmed to be send to the stepper motor through 
the amplifier (item 9 in Figure 12). At the same time, the laser sensor detected the 
displacement of the translational stage. When the desired displacement was achieved, the 
motion was stopped. Only one laser displacement sensor was equipped on the axis which 
force was applied on. The motion on the axis is accurately controlled. The motions of the 
other two axes were tracked by number of pluses sent to the motor. The stroke of each 
translational stage is 140mm. Each translational stage was equipped with two limit 
switches (Photomicrosensor). to protect it from over travel or collision onto hidden 
obstructions. Load cell and displacement sensor were mounted on the vertical 
translational stage. While the translational stage moves in vertical direction, force and 
displacement can be measured. 
Two types of specimens were tested. They were distinguished by direction of the 
tissue.  Longitudinal specimen refers to the specimen stretched along the axial direction, 
and circumferential specimen is the specimen stretched along the circumferential 
direction of the vessel. A ring specimen was cut off from the vessel specimen. It was 
hooked to test for the circumferential direction, as shown in Figure 13 (a). The remaining 
part of specimen was tested in longitudinal direction, as shown in Figure 13 (b).  
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Figure 12 Hardware set-up   (1) Fixture (2) Execution mechanism (3) Circulator (4) Base and tank, (5) 
Displacement sensor, (6) Load cell, (7) Program interface, (8) Strain gauge amplifier, (9) amplifier for 
stepper motor 
   
(a)        (b) 
Figure 13 Fixture with vascular vessel specimen. (a) Longitudinal specimen (b) Circumferential specimen 
 
Clamping of vascular vessel in longitudinal direction had been proven to be a 
difficult task. A set of modified spring collets were employed to clamp the specimen. It 
adapted various sizes of vascular vessel specimen. The spring collets, as shown in Figure 
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14(b), are common clamping tooling in manufacturing industries. They are designed to 
clamp a large range of tooling with one set of spring collets. A set of inserts, as shown in 
Figure 14(a), with a hole drilled through along the axial direction were machined. It was 
inserted into lumen at each end of the specimen, and the spring collet clamped on the 
outer surface of the specimen. With the combination of different size of spring collets and 
inserts, different size of specimens can be clamped. This clamping tool provided a 
uniform distributed clamping force over the clamping area.  








Figure 14 (a) Inserts, (b) Spring collet, (c) Clamping tool for different size of specimens 
 
Chapter 3 Experimental Set-up and Methods 
 36 
Table 3  Technical data of load cell and displacement sensor. 
Sensors Range Sensitivity Accuracy Remarks 
Load Cell A 0 to 5 N 4.217 mV/V 0.18%  
Load Cell B 
0 to 15 N 3.833 mV/V 0.12%  
Laser Displacement 
Sensor 60mm to 260mm  
20µm(static) 
100µm(dynamic) Class 2 laser 
 
3.2 Software Implementation 
The force signal, which was generated by a load cell, was acquired by Labview and 
DAQ (Data Acquisition) card. Programs were developed in modules, each module 
performs a mechanical test. Each program generates a particular movement with respect 
to time, such as tensile test relaxation test, and preconditioning. The program interface for 
tensile and relaxation test is shown Figure 15. It enabled the user to control the stepper 
motor’s moving speed up to 420mm per minute, visualize the force and distance 
changing. The program can be divided into 5 sections: pulse generation and motion 
feedback, force measuring, distance measuring and hardware protection. 
A continuous pulse train was generated to drive the stepper motor.  It drove the 
motor to move with a desired speed to certain position. The program provided options to 
move in scales of millimeter or desired strain. The program enabled user to switch 
between two load cells. The laser sensor, which measured the displacement of the 
translational stage, communicated with the Labview program through the serial port. The 
data sent in through serial port were in HEX format, it was subsequently converted into a 
displacement reading by data manipulation. Both force and displacement data were then 
written into a file. 
The load cell was protected from overloading by programming, and the translational 
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stage was protected from over traveling by limit switch. The program scanned the status 
of load cell and limit switches continuously. If the load cell was over loaded or any of the 
limit switch was activated, the DAQ card would send a signal to the amplifier cards (item 
9 in Figure 12) that would stop the motor from moving. 
Although there are plenty of preventive measures to protect the hardware, extra 
caution is required in operating this equipment. Collision between the equipment could 
lead to severe damage.  
 
Figure 15 Program Interface for tensile tests. 
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3.3 Experimental Method 
The details of experimental methods are described in this section. They include the 
method of acquiring physical dimensions, preparation of samples, preconditioning, setup 
of testing environment, and testing methods. 
3.3.1 Physical Dimensions 
The cross sectional area of the vascular tissue can be determined from the Micro CT 
scan. Micro CT machine (Shimadzu SMX-100CT) was used to perform scanning. Cross 
sectional area of specimen was obtained by image processing techniques based on the 
pixel spacing in the image acquired. OD (outer diameter) and ID (inner diameter) can be 
calculated from the area circled by the OD and ID respectively.  
Each acquired CT image, as shown in Figure 17, was threshold at a gray level. All 
the pixels contain vascular vessel tissue will be turned into white (binary gray level 1), 
whereas the rest will be turned into black (binary gray level 0). The cross sectional area 
can be obtained by 
 
2A N P= × ,       (3.1) 
where A : cross sectional area, 
N : numbers of pixels with binary gray level 1, and  
P : pixel spacing. 
To ensure a consistent CT image resolution among all the datasets for different 
specimens, the location of scanner’s worktable was fixed at a specific SOD (129.13 mm) 
and SID (429.80 mm), respectively. X-ray parameters were set at 32 kV and 85µA and 
the CT images were processed at a scaling coefficient of 50. The pixel spacing is found to 
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be 0.042765mm/pixel. The definitions of SOD and SID are illustrated in Figure 16. 
 
Figure 16 Schematic diagram of the Shimadzu SMX-100 CT configuration, illustrating SOD/SID [56]. 
 
 
(a)         (b) 
Figure 17 (a) Sample CT scan of porcine artery in gray level 256 representation, pixel spacing: 
0.042765mm/pixel. (b) Threshold at gray level 166. 29318 white pixels: arterial wall. Cross section area: 
53.618mm2 
 
Proper selection of threshold gray level is a key factor in obtaining an accurate 
estimation of cross sectional area. Intensive efforts had been applied by researchers to 
obtain the optimal threshold value automatically. In this study, several testing pieces were 
scanned with the above CT machine setting. The acquired images were thresholded at 
different gray levels, and the cross sectional area was calculated based on each obtained 
binary image. A threshold value was taken as an optimum value until the calculated cross 
sectional area was found to match well with manual measurement results.  This 
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threshold value was applied to CT images obtained from other specimens to calculate the 
physical parameters. The length of specimen is measured using a digital vernier.  
3.3.2 Preparation of Specimens 
Porcine abdominal arteries were obtained from a local slaughters’ house. The pigs 
were of age between 90 days to 110 days. All abdominal arteries were excised from the 
same portion of the artery tree which is on the main artery tree and nearby iliac artery. All 
specimens were stored in an ice box with Histidine Tryptophan Ketoglutarate solution 
(HTK) before experiment. The vascular vessels had diameter ranging from 6 mm to 
11mm and length ranging from 40mm to 50mm. The specimen was clamped with the 
clamping devices, as shown in Figure 13(a), for testing in a longitudinal direction. The 
clamping portion of each specimen was about 3mm to 4mm long.  
A ring specimen, for testing in circumferential direction, was cut off from each vessel 
specimen by a customized knife. The knife was formed by two blades with a constant gap 
in between. The ring was hold by two hooks for testing in circumferential direction (see 
Figure 13(b)). 
3.3.3 Preconditioning 
All specimens were subjected to preconditioning before acquiring data. Each 
specimen was stretched to a strain of 0.6 and returned to its original length with same 
loading and unloading speed. This cycle was repeated for several times until response of 
the specimen was stabilized. It was noticed that the response would be stabilized after 6 
cycles. 
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3.3.4 Testing Environment 
The vascular vessel was immersed in Krebs Ringer solution throughout the 
experiment. The temperature of Krebs Ringer solution was maintained at 37oC by a 
circulator (PolyScience 8006). The chemical compositions of the Krebs Ringer solution 
are shown in Table 4. The pH value was closely monitored and maintained at 7.3- 7.4 
with carbon dioxide. 




















(g/l) 1.8 0.0468 0.34 7.0 0.1 0.18 1.26 0.12 
 
3.3.5 Tensile and Relaxation Test 
The tensile and/or relaxation test was performed once the specimen was 
preconditioned. Tests were performed along the longitudinal and circumferential 
directions of the specimens. The starting point of loading was taken when the load cell 
measures the load at positive reading (Krebs Ringer solution was drained until the 
specimen was fully exposed in air when taking the initial loading point.). Specimen 
length was measured when the initial loading point was established. The specimen was 
stretched up to strain of 0.7(longitudinal direction) and 0.8(circumferential direction) 
with a speed of 2.5 mm/second. Deformation (displacement of fixture) and force was 
recorded. 
Relaxation tests were performed at different levels of strain, i.e. strain of 0.1 to 
0.7(longitudinal), and strain of 0.2 to 0.8(circumferential) with incremental steps of 0.1. 
The specimen was held for 900 seconds for stress relaxation at each strain level. Time 
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and force were recorded. 
Results of the tensile and relaxation tests will be presented in Chapter 5. 
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CHAPTER 4 THEORY OF CONSTITUTIVE 
MODELING 
Constitutive equations are derived to characterize the physical properties of a 
material. These equations are unique for each set of physical properties of the same 
material. No single constitutive equation is able to describe the entire mechanical 
properties of a single material. This chapter begins with the general guidelines used in the 
formulation of constitutive equations that best represents elastic behavior and viscoelastic 
behavior of materials. Based on the experimental results obtained using the apparatus and 
experimental method in Chapter 3, a modified reduced relaxation function is proposed to 
model the nonlinear viscoelastic phenomena (strain dependent relaxation).  
4.1 Basic Theory on Modeling of Viscoelastic Behavior 
Relaxation function 0 ( )Q t is the key factor to describe the viscoelastic behavior of 
material. Drozdov [57] envisioned viscoelastic material as a network of elastic 
springs(links between long chains) which replace each other according to a prescribed 
law under stress. An equation incorporates the stress-strain function ( ( ))eT tε  
(superscript eT  to denote elongation stress) together with the relaxation function )(0 tQ
 
to describe the viscoelastic behavior of rubber like materials.  
The response in the network of parallel links is the summation of stresses in all links. 
It is expressed as  
( ) ( ) ( )0 0 ,
t
T t T t dT t τ= + ∫ .      (4.1) 
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( )0T t  is the stress in links existing at the initial instant 0t = , it is expressed as  
( )0 ( , 0) ( ( ))0eZ t T tT t ε= ,       (4.2) 
where ( ),0Z t is the number of initial links existing at instant t , and 
0 ( ( ))eT tε represents the nonlinear stress function at time t , superscript e denotes stress 
generated due to elongation, and  
( ),dT t τ denotes the stress at instant t  in links joining the network at instant τ . This 
function is expressed as 
( ) ( ( ) ( )) ( , )0, ZeT t t ddT t ε ε τ τ τττ ∂= − ∂ ,      (4.3) 




 is the number of links per unit volume arising within the time 
interval [ ], dτ τ τ+  and still existing at time t , and 
( ) ( )tε ε τ−  is the relative strain for transition from the stress free configuration of an 
adaptive link arising at instant τ to actual configuration at instant t . 
 Substituting equation (4.2) and (4.3) into equation (4.1), it can be expressed in the 
form of   
( )T t ( )( ) ( ) ( )( ) ( )










ZZ t T t T t t d
Z
Z t T t T t t d
ε ε ε τ τ τ
τ























( ) (0,0)e eT Z Tε =
.
 
For non aging material, we set 
( )* 0, 1 ( )Z t Q tτ τ= + − .       (4.5) 
Equation (4.4) can be rewritten as 
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( ) 0 00[1 ( )] ( ( )) ( ( ) ( )) ( )
t
e eT t Q t T t T t Q t dε ε ε τ τ τ= + − − −∫
i
,    (4.6) 
where ( )0Q t τ−
i
denotes the time differentiation of the function, and 
0 ( )Q t is termed as reduced relaxation function which decreases with time.  




( )( ( )) ( ( ))te et





    (4.7) 
When τ  increases from 0 to 1t , the sign of integrand does not change, therefore 
equation (4.7) can be simplified as 
1 1
( )( )[1 ( )]et





,      (4.8) 





 is finite, the second term tends to 0 
with 1t .  If 1t  is small, 1 1( )( )t Q t cτ−
i
is much less than 1. Hence, equation (4.8) can be 
simplified into 
1
( )etT T ε≈          (4.9) 
This implies that the second item in equation (4.8) is negligible when the specimen is 






very small, such that relaxation has no significant effect during the loading period, 1t , we 
can also neglect second item in equation (4.7). 
The relationship of stretch ratio λ and strain ε  can simply be expressed as 
1λ ε= +
.         (4.10) 
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Substituting the approximation used in equation (4.9) and variable, λ for ε based on 
the relationship in equation(4.10), equation (4.6) is reduced to a quasi linear viscoelastic 
model (QLV) 
 ( ) 0, [1 ( )] ( )eT t Q t Tλ λ= + .      (4.11)  
where 0 ( )Q t  is reduced relaxation function. ( )eT λ  is the nonlinear stress function. 
4.2 Modeling of Stress and Strain 
There are two essential contributing factors in equation (4.11). ( ( ))eT tλ  is the 
non-linear stress function. In this section, the development of the nonlinear stress 
function is explained in detail. 
A continuous body B occupies a region consisting of points in Euclidean spaceE . 
The configuration at time 0t = is referred as the reference configuration. A particle 
position in the reference configuration is denoted by X . The current position after a time 
t  is denoted by x , which is a function of time. Deformation gradient is described as the 
partial derivative of x  with respect to X as 
∂ 










.        (4.12) 
A transversely isotropic material is one that is symmetrical about an axis, normal to a 
plane of isotropy. Hence, the shear component of deformation gradient will be zero when 













F ,       (4.13) 






λ = is the principal deformation of the deformation gradient F , l is the 
deformed length, and ol is the original length. 
For an incompressible material, the determinate of deformation gradient can be 
expressed as 
1 2 3det 1λ λ λ= =F
.
        (4.14) 
The principal deformations is set to λ  (in this case 3λ λ= )  in the direction of uniaxial 
extension of the vascular specimen. 
It is assumed that the deformation gradient along the other two directions are 
identical for transversely isotropic material, therefore 1 2
1λ λ
λ
= = , and equation (4.12) 
















F .       (4.15) 




        (4.16) 
C is a second order tensor. Three independent scalar invariants can be obtained by taking 
the trace of C , 2C , and 3C . These are termed as the strain invariants. 
( )I trace= C , 2( )II trace= C , 3( )III trace= C
.     
(4.17) 
By substituting equations (4.15) and (4.16) into equation (4.17), the strain invariants can 
be respectively expressed in terms of stretch ratio λ  as
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= − = +
= − ⋅ + = =
      (4.18) 
The strain energy function is expressed as a function of the strain invariant. ( )iW I=  
1,2,3...i = , where 1 2 3, ,I I I are strain invariants associated with isotropic material 
property. Invariants ranging from 4I  and above arise with anisotropic behavior of 
materials.  For a transversely isotropic material, the strain energy function can be 
generally expressed with 4 strain invariants 
1 2 3 4( , , , )W W I I I I= ,       (4.19) 
where 4
TI N C N= ⋅ ⋅  [58],  and N is  the unit vector aligned with the fiber direction  
[59]. In our experiment, we assume this unit vector along the longitudinal direction of 
elongation. Hence, we set [0 0 1]N ′= , and we derive that 24I λ= . 
The second Piola-Kirchhoff stress tensor S relates forces in the reference 
configuration to areas in the reference configuration. It can be expressed by strain energy 







.         (4.20) 
Cauchy stress tensor σ , relates forces to areas in present configuration, it can be 
expressed in terms of second Piola-Kirchhoff stress tensor as 




= ⋅ ⋅σ F S F ,       (4.21) 
where detJ = F . 
Rearranging the terms in equation (4.20) and(4.21), the Cauchy stress tensor can be 







C .       (4.22) 
The first Piola-Kirchhoff stress tensor T
 
relates forces in present configuration to areas 
in the reference configuration. First Piola-Kirchhoff stress tensor and Cauchy stress 
tensor is related by 
 
1( )TJ −= ⋅T σ F .        (4.23) 






   (4.24) 
The engineering stress in tension can be expressed as a partial derivative of the strain 
energy functionW for transversely isotropic material. Hence, equation (4.24) can be 
expressed as [50, 60] 
( ) 2 3
1 2 4




∂ ∂ ∂   
= − + − +   ∂ ∂ ∂   
,   (4.25) 
where W is strain energy function, and iI are strain invariants. 
To describe the state of stress for a certain strain and time, the expression in equation 
(4.25) is incorporated into equation (4.11) 
  ( ) 0 2 3
1 2 4




∂ ∂ ∂   
= + − + − +   ∂ ∂ ∂   
,      (4.26) 
where 0 ( )Q t is reduced relaxation function, 
Chapter 4 Theory of Constitutive Modeling 
 50 
In order to obtain all the material parameters in equation (4.26), tensile and 
relaxation tests were performed. Equation (4.26) is applied to model the experiment data 
in the following chapter. 
4.3 The Proposed New Constitutive Model 
The constitutive equation (4.26) obtained in the above section of this chapter is a 
general equation. It models the tensile and relaxation behavior of nonlinear transversely 
isotropic viscoelastic material. 
4.3.1 Reduced Relaxation Function 
The reduced relaxation function 0 ( )Q t is to normalize the stress relaxation over the 
time span. It has different representation formats. Here, we use the following expression 
to represent the relaxation function in equation (4.26): 
0





= − − .       (4.27) 
where λσ is the engineering stress at stretch ratio λ . 
It can be written in Prony series as [57] 
  0 0
1




Q t tη γ
=
= − − −∑ ,     (4.28) 
where mη  and 0mγ are parameters to be obtained by fitting the equation with the 
normalized relaxation process (normalized as per equation (4.27)). M corresponds to 
three kinds of links reported by He and Song [61].  
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4.3.2 Modified Reduced Relaxation Function 
As we previously discussed in Section 2.3.2 Viscoelastic Models, studies had shown 
that the relaxation behavior of biological soft tissue does not show strain independence 
for some of biological soft tissue; for example ligament [5], skin [55] and tendon [9]. The 
rate of stress relaxation is very much dependent on the strain level that is imposed on. 
Here, a corrective factor is proposed to describe the stress relaxation behavior at different 
strain levels. The reduced relaxation function in Equation (4.11) is modified to  
0 0( , ) ( ) ( )Q t CF Q tλ λ′ = ,      (4.29) 
where ( )CF λ  is a corrective factor, which is a function of stretch ratio. 
Equation (4.29) is known as Modified Reduced Relaxation Function. 
Hence the constitutive equation (4.11) is developed as  
( ) 0, [1 ( ) ( )] ( )eT t CF Q t Tλ λ λ= + ,      (4.30) 
( )eT λ is the nonlinear stress function from equation (4.25), which is derived based on the 
strain energy equation.  
In this study, based on the observation of the experimental results obtained using 






( 1) ( 1)( ) ( 1) ( 1)
V V VCF
V V
λ λλ λ λ
− + − +
=
− + − +
,     (4.31) 
where 1 5V −  are parameters to be obtained from experimental data. The estimated 
parameters are shown in Chapter 5. 
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4.3.3 Modeling Stress-strain Relation   
 Chui et al proposed a combined logarithmic and polynomial strain energy function 
[50] to mathematically model the stress-strain relationship of liver.  It has better 
accuracy than the combined exponential and polynomial model [50]. The liver tissue is 
considered as transversely isotropic, strain rates insensitive and incompressible. All these 
attributes are the same as vascular tissue. Hence, the strain energy equation proposed by 
Chui et al [50] is adopted to model the stress-strain relationship of vascular vessel in this 
project.  
The combined logarithmic and polynomial strain energy function is expressed as 
1 ln(1 )
2 2
C qW u−= − + ,         (4.32) 
where 2 2
2 1 3 4 4 1 4
1 1( 3) ( 1) ( 3)( 1),
2 2
u C I C I C I I= − + − + − −   
2 2



















Substituting equation (4.32) into equation (4.25), the engineering stress is expressed in 
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,    (4.33) 
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where 2 2 2 2 22 3 42 2( 3) ( 1) 2 ( 3)( 1)G C C Cλ λ λ λλ λ= + − − − + + − − , and superscript 
eT indicates the 
stress due to elongation. 1C  to 7C are material constants to be obtained from 
experimental data. 
The detailed constitutive model to describe the non linear viscoelasticity is obtained 
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×
−
+ + − + − −
− + + −
+
−
+ − + + −
∑
,   (4.34) 
where 2 2 2 2 22 3 42 2( 3) ( 1) 2 ( 3)( 1)G C C Cλ λ λ λλ λ= + − − − + + − − , and 
1 5V −  are parameters that correlate relaxation behavior at different strain levels,  
mη  and 0mγ are parameters to describe the relaxation behavior. These can be 
obtained by fitting the equation with the normalized relaxation curve, and 
1 7C −  are parameters to model stress-strain relationship. 
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CHAPTER 5 EXPERIMENTAL RESULTS AND 
CONSTITUTIVE MODELING OF VASCULAR 
VESSELS 
The parameters of equation (4.34) are determined from the experimental data 
obtained using experimental apparatus and methods described in Chapter 3. The 
parameters for stress-strain function are determined in section 5.3 Estimation 
Paramerters for Nonlinear Stress Strain Function, and the parameters for relaxation 
function are determined in section 5.4 Estimation Parameters for Modified Relaxation 
Function. Dependency of strain rates on stress-strain relationship of vascular tissue and 
its anisotropic property are integral parts of the constitutive modeling. The generalized 
QLV model (Equation (4.11)) was derived based on the assumption that stress-strain 
relationship of vascular tissue is strain rates independent. Deformation gradient (Equation 
(4.15)) was obtained based on the assumption of transverse isotropy. Experiments were 
performed to investigate these two properties before equation (4.11) and (4.15) were 
applied. 
5.1 Effects of Strain rates  
Different results have been reported on the effects of strain rates on stress-strain 
relationship of vascular tissue. It has been discussed in Section 2.2.5 Strain Rates Effect. 
Experiments were performed to verify the dependence of stress on strain rates at low 
strain rates. In the experiment, a specimen was stretched up to a strain of 0.6 with loading 
rate from 0.2mm/s to 6.5mm/s (equivalents to strain rates of 0.049 to 0.29).  Figure 18 
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(a) and (b) show that the stress-strain curve obtained from different loading rates matches 
each other closely, thus indicating that strain rates has very insignificant effects on stress. 
Another implication from this experiment is that relaxation can be ignored in the loading 







Figure 18. (a)A specimen was stretched to strain of 0.6 with different strain rates in the range of 0.049 1s−  
to 0.29 1s− . Stress-strain curves obtained at different strain rates matched with each other closely. (b) The 
vertical bars showed the standard error among the different strain rates. 
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Researchers have shown contradicting results about relationship of stress and strain 
rates [10, 32-36]. Table 1 in Section 2.2.5 Strain Rates Effect lists the results reported by 
each researcher.  
This is particularly the case as specimens show strain rates independence when they 
are tested in Krebs Ringer solution or physiological saline at 37 oC, and the specimens 
show strain rates dependency when the testing condition is not unified. It is commonly 
acceptable that the biological soft tissue should be tested in biological buffer media, 
because of the cell reaction. Hence, the stress is considered as insensitive to strain rates 
based on our observation. 
5.2 Anisotropy 
Generally, arterial tissue was modeled as transversely isotropic material in most of 
the recent studies [27-29]. To fulfill the criterion of transverse isotropic, the shearing 
components in the deformation gradient tensors are symmetric and equal to zero. Here 
the assumption of transversely isotropic properties of vascular tissue is explained in detail 
from experimental observations and literature review. 
  A vessel specimen was cut open along its axial direction, and submerged in Krebs 
Ringer solution. The density of artery is 1.0284 g/cm3 (standard error of 0.009, sample 
population: 11). Krebs Ringer solution has a density of 1.011g/cm3, therefore with the 
assistance of buoyancy force acting on the tissue, gravity effects are negligible. 
 The opening angle, as shown in Figure 19, indicates the existence of residual stress 
under load free condition. This phenomenon had been reported by Fung [62]. The 
objective here was to observe the response of arterial wall at equilibrium state. The 
opened ring did not twist in either direction indicated by the arrows in Figure 19. This 
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indicates that when the ring was not cut open, the residue stress only exists in the 
circumferential direction, and there is no shear component in the deformation gradient 
tensor. 
Patel et al [14] has earlier reported that the shear strain is only 0.006 with a internal 
pressure loading of 270 cmH2O (198.6mmHg). Radial strain and longitudinal strain are 
0.47 and 0.64 respectively. Here, we can see that the shear strain is negligible when the 
arterial wall was loaded. 
These two observations indicated that the shear components are insignificant either 
with or without loads. We hypothesize that the shear components are insignificant in the 
entire tensile loading process, and the deformation gradients are identical on its 





Figure 19 Arterial walls emerged in Krebs Ringer solution. A ring cut off from the plane which 
perpendicular to axial axis.  The opened ring does not twist in any direction.  
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5.3 Estimation Parameters for Nonlinear Stress Strain 
Function  
The nonlinear stress function in equation (4.33) is derived from the energy function 
described by equation (4.32). Parameters 1 7C −  can be determined by fitting the stress 
function with the tensile test data, 
The tensile experimental testing data obtained by the method described in Section 
3.3.5 Tensile and Relaxation Test are shown in Figure 20 (a) and Figure 20 (b). Vertical 
bar is the standard derivation. From the two sets of data in Figure 20 (a) and Figure 20 (b), 
it is found that the stress in longitudinal direction is higher than circumferential direction 
at same strain (Stress is 3.93X105 Pa and 0.954 X105 Pa for longitudinal and 
circumferential strain at 0.7 respectively). This is intuitive since the blood vessel needs to 
expand more easily in the circumferential direction at a certain internal pressure in order 
to facilitate the blood flow. 
The experimental data was fitted with the nonlinear stress-strain function (Equation 
(4.33)) in Matlab using the Curve fitting toolbox. The fitting results were plotted and 
compared with experimental results in Figure 21 , Figure 22 and Table 5. The stress-strain 
function (Equation (4.33)) fits the experimental stress-strain response of circumferential 
specimens with 2R = 0.9996, adjusted 2R = 0.9995, RMSE=1483Pa, and fits the 
experimental stress-strain response of longitudinal specimens with 2R = 0.9991, adjusted 
2R = 0.999, RMSE=3015Pa. The fitting results showed that the stress-strain function 
derived from combined logarithmic and polynomial strain energy function fits the 
experimental data closely.  







Figure 20 Stress-strain relationship obtained through tensile test. 12 specimens were tested in Krebs Ringer 
solution, 37 o C. (a) Circumferential specimens (b) Longitudinal specimens 




Figure 21 Comparison of the experimental stress-strain relation in circumferential direction with 
mathematical modeling (Equation (4.33)). Solid line represents experimental data. * represents 
mathematical model. 2R = 0.9996, adjusted 2R = 0.9995, RMSE=1483Pa. 
 
Figure 22 Comparison of the experimental stress-strain relation in longitudinal direction with mathematical 
modeling (Equation (4.33)). Solid line represents experimental data. * represents mathematical model. 
2R = 0.9991, adjusted 2R = 0.999, RMSE=3015Pa. 
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Table 5 Parameters obtained in fitting tensile experimental data in Figure 20 with nonlinear stress-strain 
function (Equation (4.33)). 
 
1C  2C   3C   4C   5C    6C  7C  
Circumferential  -2.09E4  -6975  0.01642  234  -1.76E4  9594  2.23E4  
Longitudinal  
-742.9  -662  185.3  347.5  7.341E5  1.67E5  -2.947E5  





2R   
RMSE 
(Pa)  Fitting method  
  
Circumferential  0.9996  0.9995  1483  Least square   
Longitudinal  0.9991  0.9990  3015  GaussianNewton   
 
5.3.1 Stress-strain Relationship of Human Iliac Blood Vessel 
Four pairs of human iliac arteries and veins were tested according to NUS 
Institutional Review Board approved experiment protocol in Appendix C. Figure 23 and 
Figure 24 present the stress-strain response of artery and vein respectively. The 











Figure 23 Stress-strain response of human iliac artery. (a): data obtained longitudinal direction. (b): data 
obtained from circumferential direction. Vertical bar: standard deviation. 
 







Figure 24 Stress-strain response of human iliac vein. (a): data obtained longitudinal direction. (b): data 
obtained from circumferential direction. Vertical bar: standard deviation. 
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5.4 Estimation Parameters for Modified Relaxation Function  
The relaxation force data was collected according to the procedure in Section 3.3.5 
Tensile and Relaxation Test . It was converted into stress and normalized according to 
equation (4.27).
 
Figure 25 and Figure 26 are plots of the mean relaxation behavior of vascular tissue at 
a series of stretch ratio levels (1.2 to 1.8 for circumferential specimens, 1.1 to 1.7 for 
longitudinal specimens) for 12 specimens over a time span of 900 seconds. The vertical 
axis is the relaxation behavior normalized by equation (4.27). Relaxation rate accelerates 
significantly after strain of 0.4 for longitudinal specimens. The highest stress relaxation 
rate is found corresponding to the highest strain applied (stretch ratio 1.7) in longitudinal 
relaxation test. The variation of relaxation rate in circumferential specimens is not severe, 
but it is clearly shown that the relaxation process behaves differently at various strain 
levels.  









V V VQ t t
V V
λ λλ η γλ λ
=
− + − +
′ = − − −
− + − +
∑ ,  (5.1) 
where M=3, relevant to the three constituent chains by entanglement, physical adsorption, 
and chemical conjunction [61]. 
 . 
The modified reduced relaxation function (Equation (5.1)) is applied to fit the 
experimental data to determine all the variables. Experimental data was loaded into the 
surface fitting software TableCurve 3D V4.0 to fit with equation (5.1). The fitting results 
were plotted in Matlab, as shown in Figure 27, Figure 28 and Table 6. The modified 
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reduced relaxation function is able to model the circumferential relaxation experimental 
data with results of 2R = 0.9686, adjusted 2R = 0.9683, RMSE = 0.02038, and model the 
longitudinal relaxation experimental data with results of 2R = 0.9880, adjusted 2R = 
0.9878, RMSE= 0.0120. 
Figure 29 and Figure 30 compare the experimental relaxation behavior with that of 
the mathematical model. The mathematical model fits the relaxation data for the 
longitudinal direction very well, and fits the relaxation data for the circumferential 
direction well.  Due to the closeness of fitting between experimental results and that of 
the mathematical model, the two graphs (experimental results and mathematical 
approximation) could not be distinguished in Figure 29 (a) and Figure 30 (a). However, 
their differences are apparent and are distinguishable in Figure 29 (b) and Figure 30 (b). 
In Figures 29(b) and 30(b), red color is used to represent experimental data, and blue 
color represents the estimation from mathematical model.All parameters in equation (5.1) 
were obtained and shown in Table 6. 
Table 6 Parameters obtained in fitting relaxation experimental data, shown in Figure 25 and Figure 26, with 
modified reduced relaxation function (Equation (5.1)) 




-6.5032 -2.1661 -0.8879 -5.0000 0.0060
 
0.9686 0.9683 0.0203
1η  10γ  2η  20γ  3η  30γ  Fitting method 
Circumferential 
Specimens 
-1.8245 0.3833 1.9385 0.3557 0.0607 0.0055 Least square 




0.5293 -0.4598 0.1174 -1.1600 0.4028
 
0.9880 0.9878 0.0120
1η  10γ  2η  20γ  3η  30γ  Fitting method 
Longitudinal 
Specimens 
0.2169 0.0054 0.4493 0.1010 -0.0095 -0.0020 Least square 
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Figure 25 Relaxation behavior of circumferential specimen from stretch ratio of 1.2 to 1.8 (Normalized by 
equation (4.27) ). Sample population: 12. A brighter color implies that smaller percentage of stresses was 
relaxed with respect to the peak stress in comparison with that of dark color. 
. 
 
Figure 26 Relaxation behavior of longitudinal specimen from stretch ratio of 1.1 to 1.7 (Normalized by 
equation(4.27) ). Sample population: 12 
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Figure 27 Results of modeling circumferential experimental relaxation data in Figure 25 with equation(5.1). 
2R = 0.9686, adjusted 2R = 0.9683, RMSE = 0.02038 
 
Figure 28 Results of modeling longitudinal experimental relaxation data in Figure 26 with equation(5.1). 
2R = 0.9880, adjusted 2R = 0.9878, RMSE= 0.0120 






Figure 29 Comparison of the experimental relaxation behavior for the circumferential direction with 
mathematical modeling (Equation (5.1)). (a) Surfaces (b) Data points. Red: experimental data. Blue: 
mathematical model. 2R = 0.9686, adjusted 2R = 0.9683, RMSE= 0.02038. 







Figure 30 Comparison of the experimental relaxation behavior for the longitudinal direction with 
mathematical modeling (Equation (5.1)). (a) Surfaces, (b) Data points. Red: experimental data. Blue: 
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mathematical model. 2R = 0.9880, adjusted 2R = 0.9878, RMSE= 0.0120. 
5.4.1 Stress Relaxation of Human Iliac Blood Vessel 
Four pairs of human iliac arteries and veins were tested according to NUS 
Institutional Review Board approved experiment protocol in Appendix C. Figure 31 and 
Figure 32 present the stress relaxation of artery and vein respectively. Due to the 
limitation of quantity of human specimens, strain dependent stress relaxation was not 
studied using experiment protocol in Appendix C. Stress relaxation data were collected at 
a strain level of 0.7. Dash line denotes stress relaxation in circumferential specimen. 
Solid line denotes stress relaxation in longitudinal specimen. Relaxation of longitudinal 
and circumferential specimens behaved with significant difference. 
 
Figure 31 Stress relaxation of human iliac artery. Dash line denotes data obtained from circumferential 
direction. Solid line denotes data obtained from longitudinal direction. Relaxation is normalized by 
equation (4.27) 
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Figure 32 Stress relaxation of human iliac vein. Dash line denotes data obtained from circumferential 
direction. Solid line denotes data obtained longitudinal direction. Relaxation is normalized by equation 
(4.27) 
 
5.5 Summary of Proposed Constitutive Model 
The complete constitutive model is described in equation (4.30). The detailed 
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where 2 2 2 2 22 3 42 2( 3) ( 1) 2 ( 3)( 1)G C C Cλ λ λ λλ λ= + − − − + + − − , and M =3. 
There are 18 parameters in equation (4.34), 1 5V − , 1 7C − , mη  and 0mγ (m=1,2,3). These 
were determined from the tensile and relaxation experimental data shown in Table 6 and 
Table 5.  
5.6 Comparison of Modified Reduced Relaxation Function 
with Other Models 
 
Nonlinear viscoelasticity has been studied on rabbit periodontal ligament [5].  
Hazrati et al [5] proposed a relaxation function in modeling ligament relaxation at 
different levels of strain (see equation (2.15)). The relaxation function incorporated both 
strain and time. However, the specimen was only studied at very low strain levels, i.e. 
from 0.078 to 0.215 [5]. The polynomial item in equation (2.15) may not be able to 
describe the relaxation behavior at higher levels of strain. Most importantly, Hazrati’s 
model is incapable of dealing with the relaxation at time 0t = . 
We compared Hazrati’s model (Equation (2.15)) and the modified reduced relaxation 
function (Equation (5.1)) employing the following method:  
The modified reduced relaxation function (Equation (5.1)) was applied to fit onto the 
ligament relaxation data obtained from [5], and Hazrati’s model (Equation (2.15)) was 
applied to fit onto the vascular relaxation data as well. The fitting results were listed in 
Table 7 and Table 8, respectively. 
Hazrati’s model fitted the relaxation behavior of ligament with 2 0.999R = [5]. The 
modified reduced relaxation function (Equation (5.1)) is able to fit the ligament 
relaxation data with 2 0.9966R = . The fitting results are shown in Table 7, Figure 33 and 
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Figure 34. The fitting results suggest that the latter is as accurate as the Hazrati’s model in 
fitting the relaxation behavior of ligament. 
The Hazrati’s model (Equation (2.15)) was applied onto vascular relaxation data. It is 




 for longitudinal specimens. The fitting results are shown in Table 8, Figure 
35 and Figure 36. Comparing the fitting results in Table 8 (Fitting vascular vessel’s 
relaxation data with Hazrati’s model) and Table 6 (fitting of vascular vessel’s relaxation 
data with modified relaxation model), it is clearly shown that the modified reduced 
relaxation function has better accuracy than Hazrati’s model. 
The comparison shows that the modified reduced relaxation function is more 
comprehensive and accurate in modeling of strain dependent relaxation of biological soft 
tissue.  
Table 7  Parameters obtained in fitting experimental ligament relaxation data from [5] with modified 
reduced relaxation function (Equation  (4.29)) 




1.49717 -0.62238 0.12958 -0.05964 0.4028
 
0.9966 0.9946 0.013




1.75246 0.17682 1.03254 0.00849 9.99999 4.39628E-5 Least square 
 
Table 8 Parameters obtained in fitting experimental vascular relaxation data with Hazrati’s model (Equation 
(2.15))  
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Figure 33 Experimental ligament relaxation data at stretch level 1.078 to 1.215 [5]. 
 
Figure 34  Comparison of the experimental relaxation behavior from [5] with mathematical modeling 
(Equation (5.1)). Red: experimental data from [5]. Blue: mathematical model. 2R = 0.9966, adjusted 2R = 
0.9946, RMSE= 0.013 







Figure 35 Comparison of the experimental relaxation behavior on circumferential direction with Hazrati’s 
mathematical modeling (Equation (2.15)). (a) Surfaces (b) Data points. Red: experimental data. Blue: 
mathematical model. 2R = 0.9113, adjusted 2R = 0.9107, RMSE= 0.034 






Figure 36 Comparison of the experimental relaxation behavior on longitudinal direction with Hazrati’s 
mathematical modeling (Equation (2.15)). (a) Surfaces. (b) Data points. Red: experimental data. Blue: 
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CHAPTER 6 DISCUSSION AND CONCLUSIONS 
In this study, biomechanics of vascular vessel is studied in detail. A customized 
experimental system is adopted in determination of vascular mechanics. The 
hyperelasticity and strain dependent relaxation is measured and modeled. This section 
includes discussion on the limitations of our research work, comparison of properties of 
human and porcine artery, and future research. 
 
6.1 Discussion 
Hyperelasticity and viscoelasticity of blood vessels were tested and modeled in detail. 
A combined logarithmic and exponential strain energy function was adopted in modeling 
the hyperelasticity. The energy function and the corresponding stress-strain function were 
shown in equation (4.32) and (4.33) respectively. This strain energy function described 
the hyperelasticity of the blood vessels very well. It fitted the stress-strain curve of 
porcine artery closely. The fitting results, in Figure 21 and 22, showed that the 2R  
values were very close to 1 for both circumferential and longitudinal specimens. This 
strain energy function was first applied on liver tissue [50], and here it was applied to 
model the stress-strain relationship of porcine artery. Both liver tissue and blood vessel 
have the same mechanical attributes, i.e. incompressible, strain rate insensitive, 
transversely isotropic and homogeneous (from the view of mechanics). Hence, the 
function was capable to work well on these two types of soft tissue. 
From the experimental data, we also noticed that the relaxation process of arterial 
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wall depends on the strain level imposed on. This phenomenon can be observed from 
Figure 25 and 26. It indicated that relaxation is not only a function of time, but also a 
function of strain, i.e. '0 ( , )Q f t λ= . A modified reduced relaxation function (4.29) was 
proposed to model the relaxation process at a series of strain level. This modified reduced 
relaxation function modeled the experimental relaxation data closely. The fitting results 
were shown in Figure 27, 28, 29 and 30. This modified reduced relaxation function was 
also applied to fit on the ligament relaxation data [5], the results of fitting was also very 
promising. 
In Section 2.2.5 Strain Rates Effects, the contradictions on research findings in strain 
rates effect on stress-strain response of vascular tissue were explained in detail. 
Experiments were conducted to rectify the contradictions. Results were presented in 
Section 5.1 Effects of Strain rates. Based on the experimental results, we conclude that 
the strain rates have insignificant effect on stress-strain. Due to hardware limitation, the 
applied strain rates were limited to a range between 0.049s-1 and 0.29s-1. The stress 
response shows that stress is insensitive to strain rates over the strain rates applied. This 
proves that stress is insensitive to strain rates when the specimen is loaded at low strain 
rates. In other words, the material parameters obtained for stress-strain function 
(Equation (4.33)) or strain energy equation (Equation (4.32)) are valid at low strain rates. 
Fung [38] reported that the stress at the same strain could be different by an order of two 
when the loading rates are different by a million times. The response of tissue under such 
a high speed could be very useful in studying the failure of soft tissue in accidents.  
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In the study of viscoelasticity, we modified the quasi linear viscoelastic model as 
shown in equation(4.30). It is written as ( ) '0[1 ( )] ( )eT t Q t T λ= + , where 
0 0( , ) ( ) ( )Q t CF Q tλ λ′ =  is a modified reduced relaxation function (see equation (4.29)), 
CF is a corrective factor. The modified reduced relaxation function '0 ( )Q t  can be 
written as ( )'0 ( )( ) [1 ](0)





= − − 
 
. This modified relaxation function is a function 
of time, t  and stretch ratio, λ , but the correction factor ( )CF λ is only a function a 
stretch ratio λ . Therefore, the task of describing relaxation over time is still performed 
by 0 ( )Q t because 0 ( )Q t  is the only factor that describes the relation of stress with respect 
to time. In this case, the modified relaxation function is able to model the relaxation 
behavior very well for those relaxation behaviors having similar relaxation curves. 
This limitation is observed in modeling the relaxation behavior of circumferential 
specimens. The modified relaxation function has limited abilities to model the relaxation 
behavior at low stretch ratios, as shown in Figure 37. Although the specimen underwent 
lower stress when the strain was low, the stress relaxation rate is higher than that of at 
high strain level. The experimental data, in Figure 37, showed that the relaxation rate at 
low strain levels is much faster than at high strain levels. However, the overall 
performance of the modified relaxation function is good in modeling the experimental 
data (results are available in Section 5.3 Estimation Parameters for Nonlinear Stress 
Strain Function). 
 




Figure 37 Comparison of the experimental relaxation behavior on circumferential direction with 
mathematical modeling (Equation (5.1)). Red: experimental data. Blue: mathematical model. 2R = 0.9686, 
adjusted 2R = 0.9683, RMSE= 0.02038. Relaxation curves in circle (black) do not have similar trend with 
the others. The proposed modified relaxation function has limited abilities to model these irregular 
behaviors. 
 Besides testing on porcine abdominal arteries, we had tested the elastic response and 
viscoelastic response of human iliac blood vessels. Human iliac blood vessels were 
obtained according the experiment protocol NMRC/NIG/0015/2007 (see Appendix C). 
One pair of iliac artery and vein were preserved at -80oC for 4 months. They were tested 
and compared with fresh artery. 
 During the period of preparing the experimental apparatus, one pair of human fresh 
iliac artery and vein were preserved at -80oC without preservation medium. They were 
tested after 4 months. The experimental results were compared in terms of elasticity and 
stress relaxation.  
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Figure 38 shows the differences of stress-strain curves between fresh and preserved 
human iliac blood vessels. The preserved blood vessels started to appear high stiffness at 
about strain 0.3-0.4, whereas the fresh artery started to lose its extensibility at about strain 
0.6, and the fresh artery lost it expansibility gradually. The preserved blood vessels also 
have high stiffness than the fresh blood vessel. This phenomenon indicates that the fresh 
artery has better capability to undertake impaction. The relaxation behavior of preserved 
artery and vein were similar, and were significantly different from that of the fresh artery. 
This phenomenon is clearly shown in Figure 39.  
All these observations were found from limited number of specimens. Hence, the 
hyperelastic and viscoelastic properties of cryopreserved vascular tissue should be 
studied in detail with proper sample population and cryopreservation media. Experiment 
protocol NMRC/NIG/0015/2007 (see Appendix C) is applied to study the effects of 
cryopreservation over different periods of time.  
 




Figure 38 Comparison on stress-strain among fresh and preserved human iliac artery. After 4 months of 
preservation, the blood vessels have loss their extensibility, and become stiffer than fresh artery.  
 
Figure 39 Comparison on stress relaxation behavior among fresh and preserved human blood vessels. 
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6.2 Future works 
The focus of this study is the biomechanics of preconditioned specimens. The 
response of the vascular vessel in the first loading cycle is the initial response to external 
forces. This would be a very important data in analysing the vascular tissue’s mechanical 
failure due to impaction, or response in surgery. This is because the tissue response to 
impaction or cut in an accident or surgery does not obey the behavior as described by the 
preconditioned specimens. The loading action only occurred once and will not repeat. 
Tanaka and Fung, who had proposed preconditioning, suspected that preconditioning 
might be an illusion [10]. Therefore we believe the information from initial loading 
process shall be properly analyzed as well. 
 The current experiment only revealed the strain dependent relaxation behavior of the 
vascular tissue. Relaxation and creeping are parts of viscoelastic properties, and they are 
interrelated with each other. Dependency of creeping behavior on stress is not verified 
experimentally. With the current experimental system, we can perform experiments to 
verify and model the stress dependent creeping behavior.  
The experiments performed in Section 3.3.5 Tensile and Relaxation Test are uniaxial 
tests. They are simple, but reveal the most important information about the vascular 
tissue’s biomechanics with some reasonable assumptions. Biaxial test is another 
mechanical testing method. The specimen is deformed in two axes simultaneously. 
Biaxial test provides the understanding of specimen in depth. Pressure-diameter test is 
one type of biaxial test which can be deformed on vessel specimen in two axes 
simultaneously. With the current experimental system, Pressure-diameter test is possible 
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to be performed with the aid of proper pressure control devices and high resolution video 
system. 
The specimens used in this study were stored in Histidine Tryptophan Ketoglutarate 
(HTK) solution prior to mechanical tests. HTK solution is widely used for organ 
protection during transplantation. Biomechanics and vitality are both important to ensure 
the success of transplantation operation. Researchers have started to investigate the 
vitality of organ graft over different periods of time [63]. However, the vitality of organ 
graft does not necessarily imply the quality of biomechanics. The effects of HTK solution 
on biomechanics over certain periods of time are yet to be revealed. Elastic response and 
stress relaxation of soft tissue can be useful information in verification of its 
biomechanics. The nonlinear stress-strain function and the nonlinear viscoelastic model 
could be applied to quantitatively investigate the effects of HTK over time. An 
experimental study on verification effects of HTK on tissue biomechanics over time is 
proposed as follow: 
Objective:  
Verification on mechanical properties (hyperelasticity and nonlinear 
viscoelasticity) of porcine artery preserved in Histidine Tryptophan Ketoglutarate 
solution (HTK) over 3 weeks time. (Duration of 3 weeks is suggested by clinical 
surgeon.) 
Specimens:  
A toll of 30 pieces of porcine abdominal arteries will be harvested from local 
slaughters’ house. Minimum length of each specimen is 40mm. The specimens 
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will be divided into 5 groups with 6 pieces per group.  
Procedure: 
1. Each specimen will be stored in test tube with HTK solution at 4 oC. 
2. Test the mechanical properties with the prescribed experimental system and 
experimental method in Chapter 3. The tests should be carried out at the 
following time instants: 
1st day 4th day 9th day 14th day 21st day 
x x x x x 
 
3. Derive mechanical properties (hyperelasticity and nonlinear viscoelasticity) of 
artery from experimental data obtained in Step 2, and compare data obtain at each 
time interval. 
 
The initial motivation of this project is to develop mathematical models for 
investigating the effects of cryopreservation on vascular graft. It is generally believed that 
the biomechanics of fresh and cryopreserved vascular graft would be different both in 
elastic properties and viscoelastic properties. The nonlinear stress-strain function and the 
nonlinear viscoelastic model could be applied to quantitatively investigate the effects of 
cryopreservation. At the time of thesis submission, the investigation on effects of 
cryopreservation on vascular graft is on going in accordance with an experimental 
protocol (Appendix C) approved by NUS Institutional Review Board (NUS-IRB).  
 




The objective of this study is to investigate the mechanical properties of arterial wall 
harvested for constructing vascular graft, in particular the hyperelasticity and nonlinear 
viscoelastic properties.  
Biomechanics of vascular vessel has been studied in details. Results of the 
experiments showed that the vascular vessel behaves hyperelastically, and relaxation of 
vascular vessel is strain dependent. A recent proposed strain energy density function 
(combined logarithmic and polynomial strain energy function [50]) was adopted in 
modeling the hyperelasticity of the vascular tissue. In this study, we observed and 
modeled the strain dependent relaxation behavior of vascular vessel. A modified reduced 
relaxation function is proposed to model the strain dependent relaxation behavior. In the 
modified reduced relaxation function, a newly proposed correction factor correlates the 
relaxation process at different strain levels.  
The overall performances of the strain energy function and modified reduced 
relaxation function are excellent. Stress-strain function derived from the strain energy 
function is able to fit the experimental data with 2R  = 0.9996 for circumferential 
specimens, and 0.999 for longitudinal specimens. Modified reduced relaxation function is 
able to model the strain dependent relaxation with 2R  = 0.9686 for circumferential 
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Vascular vessels are composed of three distinct concentric layers, the intima, the 
media and the adventitia, as shown in Figure 40. The composition is showed in Table 1. 
Size and thickness of the vascular vessels varies along the vascular tree. Generally, 
arteries have thicker walls than vein, whereas veins have larger overall size.  
 
Figure 40 Mammalian blood vessels showing the various components of the vascular 
wall[1]. 
Table 9 Percentage Composition of the Media and Adventitia of Several Arteries at in vivo blood pressure 
(Mean ± S.D.)[1]. 
 Pulmonary Artery Thoracic Aorta Plantar artery 
Media 
Smooth muscle 46.4 ± 7.7 33.3 ± 10.4 60.5 ± 6.5 
Ground Substance 17.2 ± 8.6 5.6 ± 6.7 26.4 ± 6.4 
Elastin 9.0 ± 3.2 24.3 ± 7.7 1.3 ± 1.1 
Collage 27.4 ± 13.2 36.8 ± 10.2 11.9 ± 8.4 
Adventitia 
Collagen 63.0 ± 8.5 77.7 ± 14.1 63.9 ± 9.7 
Ground substance 25.1 ± 8.3 10.6 ± 10.4 24.7 ± 9.3 
Fibroblasts 10.4 ± 6.1 9.4 ± 11.0 11.4 ± 2.6 
Elastin 1.5 ± 1.5 2.4 ± 3.2 0 




The intima is defined as the region of vascular wall from and including the 
endothelial surface at the lumen to the luminal margin of the media. Endothelial cell 
monolayer prevents blood, including platelets, leukocytes, and other elements, from 
adhering to the luminal surface. In the healthy arteries, the endothelial cell monolayer is a 
confluent layer of flat, elongated cells generally aligned in the direction of flow[2], with 
the occasional space between adjoining cells providing access to the wall to various 
substances[3]. Below this layer is a basement membrane, upon which the endothelial 
cells rest, made up of Type IV collagen[2], fibronectin, and laminin. 
Healthy intima is very thin and offers negligible mechanical strength[4].  However, 
the mechanical contribution of the intima may become significant for aged or diseased 
arteries. Such as arteriosclerosis, the intima becomes thicker and stiffer. Learoyd and 
Taylor, and Langwouters et al. had pointed out that pathological changes of the intima 
components (atherosclerosis) are associated with significant alterations in the mechanical 
properties of arterial walls, which is significantly different from those of healthy 
arteries[5, 6]. 
The media makes up the greatest volume of the artery, and it is responsible for most 
of vascular vessel’s mechanical properties. The media is comprised of smooth muscle 
cells; elastin; Types I, III, and V collagen [1, 2] and proteoglycan. Due to the high 
content of smooth muscle cells, the media is believed to be mainly responsible for the 
viscoelastic behavior of an arterial tissue. Medial elastin helps keep blood flowing by 
expanding with pressure, whereas medial collagen prevents excessive dilation [7, 8]. The 
external elastic lamina, in Figure 40, delimits the media from the adventitia. 




Figure 41 Diagram of collagen type I, II, III, differing in chain composition and degrees of glycosylation.  
Disulfide cross-linked is only appeared in Type III collagen [1]. 
 
The adventitia is the outer most lay of vascular vessel, and it is composed of Type I 
collagen[1, 2], nerves [9], fibroblasts, and some elastin fibers. The elastin and collagen 
fibers remain slack until higher levels of strain are reached [10]. At very high strains the 
adventitia changes to a stiff tube which prevents the artery from overstretching and 
rupturing [11], it had been clearly shown in the experimental stress-strain curve. The 
adventitia is surrounded by loose connective tissue and its thickness depends on the type 
(elastic or muscular), the physiological function of the blood vessel and its topographical 
site. They were to be removed upon experiment. 
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Part No. Drawing NO. Rev Quantity Part Name 
 NUSME000 A 1 Assembly 
 
Engineering Part Description  
  
Technical Description Mechanical Tester 




Assembly as per drawing NUSME000/A 
 





































9 N.A.  Translational stage KR2001A 
Stroke: 141.50mm,  
Pitch of lead screw:1mm 
Dynamic load rating: 3590N 
Static load rating: 6300N 
Permissible Moment 
  Roll: 83N.m 
  Pitch: 31N.m 









11 NUSME004 A  
 




12 N.A  Stepper motor CTP21(biopolar) 
Steps per Revolution: 200 3 




  Radial: 9kg 
  Axial: 23kg(both directions) 
Motor torque: 1.41N.m 
Detent torque: 0.06Nm 
Thermal resistance: 3.57K/watt 
Rotor inertia: 0.24kg cm2 
Weight: 0.65kg 
Maximum supply voltage: 24V 
 
 
13 N.A.  Pipes Φ10 X 1.5m soft 2 
 
14 N.A.  Distance Sensor optoNCDT 
1401-200 
Measuring range: 60-260mm 
Linearity: 360µm 
Resolution: 100 µm 
Temperature stability: 0.08%FSO/K 




15 NUSME002 A Connector 
 
1 
Load cell  
 Load cell 1 Load cell 2 
Range:  ±1500g ±500g 













16 N.A.  
Deflection <±0.03mm <±0.03mm 
2 
 












20 N.A.  Clamp tool 
ER16 Straight/ tapered shank 








22 N.A.  Screw M3 X 4 4 








24 N.A.  Spring Collet (ER16 series) 
2 pieces for each diameter 
option, from Φ2mm toΦ10mm (1mm 




25 NUSME006 A L support 1 
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 Study title 
 
Cryopreserved Cadaveric Vascular Grafts: Studying the Long 





























Study Team members 
 
Name Role 
Dr Stephen Chang Kin Yong Principle Investigator 
Assistant Professor Chui Chee Kong Collaborator 
Dr Victor Lee Tswen Wen Collaborator 
Yu Rui Qi, Rachel Collaborator, Research Assistant 
Goh Si En, Nikkol  Research Nurse 
Yang Tao Post Graduate Student 
Yang Liang Jing Research Engineer 
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1. Harvesting and Processing of Cadaveric Iliac Arteries and Veins 
Grafts will be harvested from the cadaveric donors by the surgeon- in- charge, and 
placed in Histidine-Tryptophan-Ketoglutarate (HTK) preservation medium. Grafts 
will be held on standby in the Operating Theatre Recovery area’s 4ºC fridge until it 
has been decided that transplant recipients no longer requires them.   
Outside office hours 
i) Principle Investigator will inform Research Assistant (RA) and Research 
Nurse (RN) on the availability of graft (after it is confirmed transplant 
recipient does not require the grafts during transplant).  
ii) RA and RN will collect ice from Block MD 11 level 3 into a sealable bag 
and place it into an ice box. Fill the ice box with more ice till half full. 
Collect the equipment box from the department of surgery office and 
transfer both ice box and equipment box to Main Operating Theatre (MOT) 
in the National University Hospital (NUH), Singapore.  
iii) RA and RN will put on proper operating theatre attire, and enter MOT. 
iv) Put on non- sterile gloves. 
v) Prepare non- sterile working table: Place equipment box on the bottom 
level of the working table. Place ice box at left side of table. Swab surface 
of working table with 70% methylated spirit.  
vi) Place thermal impulse sealer on a table close to a power point. Swab table 
and sealing surface of thermal impulse sealer (not connected to power 
point yet) with 70% methylated spirit. Once dry, connect thermal impulse 
sealer to power point, but do not switch on power yet. 
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vii) Place the transplant ice box that was used for holding the liver graft and is 
still holding the iliac vessels beside the non- sterile working table. 
viii) Working on the non- sterile working table, label 2 sterile beakers with 
waterproof markers: “5% DMSO”, “10% DMSO”. Label sterile blue cap 
bottle: “10% DMSO”. Label two leak- proof sterile containers: “Iliac 
vessels for microbiology testing; Study number: __”, “iliac vessels for 
biomechanical testing; Study number:__”. 
ix) Using aseptic techniques, RN will prepare 40 mls of 5% Dimethyl 
Sulfoxide (DMSO) in Eagle’s Dulbecco’s Modified Eagle’s Medium 
(DMEM) in the sterile beaker labelled as “5% DMSO”. Use sterile 
serological pipettes to transfer 38 mls of DMEM into beaker. Use 
micropipettors with sterile pipette tips to transfer 2 mls of DMSO into 
beaker. Mix well, and place on ice (in ice box on left side of non- sterile 
working table). 
x) Using aseptic techniques, RN will prepare 80 mls of 10% DMSO in 
Eagle’s DMEM in a sterile blue cap bottle. Use sterile serological pipettes 
to transfer 72 mls of DMEM into bottle. Use sterile serological pipettes to 
transfer 8 mls of DMSO into bottle. Mix well. Aliquot 40 mls into the 
sterile beaker labelled “10% DMSO”, and place on ice (in ice box on left 
side of non- sterile working table). 
xi) Replace cap of blue cap sterile bottle, and place bottle containing 
remaining 40 mls of 10% DMSO on ice too. 
xii) RA will transfer 30 mls of HTK medium (used for preserving the liver 
graft) with the help of the scrub nurse, into the sterile leak- proof screw 
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cap container labelled “iliac vessels for biomechanical testing” using 
sterile serological pipette.   
xiii) Prepare sterile working table: RN will swab table with 70% methylated 
spirit, wash hands, scrub up, put on sterile gloves and gown. RN will then 
drape sterile towels on sterile working table. RA will retrieve containers 
containing the iliac vessels from the transplant ice box, and open the 
containers for RN’s access to the grafts. 
xiv) RN will remove grafts from containers using sterile forceps.  
xv) Using sterile blades, RN will cut out two segments of 5 cm each from the 
iliac artery and two segments of 5 cm each from the iliac vein on the 
sterile towels.  
xvi) RN will place the remaining iliac artery and vein in their respective 
containers with HTK medium (standby for patient’s use in event of 
adverse events after transplant) and the RA will close the containers and 
place them back into the transplant ice box. 
xvii) Using sterile blades, RN will further cut the 5 cm segments into 1 cm and 
4 cm segments. 
xviii) RN will place one 1 cm segment of artery and one 1 cm segment of vein 
into the sterile container labelled “Iliac vessels for microbiology testing; 
Study number:__”. RA will close the container and seal it into a biohazard 
bag. RA will seal this bag in the ice bag, attach the study microbiology test 
requisition form, and keep it in the ice box ready for transfer to the 
microbiology laboratory.  
xix) RN will place one 4 cm segment of artery and one 4 cm segment of vein 
into container of HTK medium labelled “iliac vessels for biomechanical 
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testing”; Study number:__”. RA will close the container and seal it into a 
biohazard bag containing paper towels sufficient to absorb the medium in 
event of leakage. RA will label this bag “iliac vessels for biomechanical 
testing” with water proof marker, and place it in the Recovery area’s 4ºC 
fridge.  
xx) RA will retrieve beaker containing 5% DMSO from ice, and place it on 
non- sterile working table. RN will place the remaining 1 cm and 4 cm 
segments of artery and 1 cm and 4 cm segments of vein into it. RA will 
place beaker back on ice for 10 mins. 
xxi) After 10 mins, RA will retrieve beaker containing 5% DMSO and vessels 
from ice and place it on the non- sterile working table. RA will also 
retrieve beaker containing 10% DMSO from ice and place it on non- 
sterile working table. RN will remove all segments using sterile forceps 
from 5% DMSO, and place them into beaker containing 10% DMSO. RA 
will place it back on ice for 10 mins. 
xxii) While waiting, RA will push cryobags out of their packaging onto the 
sterile towels. 
xxiii) RA will use sterile serological pipette and aliquote 40 mls of 4ºC 10% 
DMSO (from bottle on ice) into cryobag CBE0419 held by RN.  
xxiv) After the 10 mins is up, RA will retrieve beaker containing 10% DMSO 
and vessels from ice and place beaker on non- sterile working table. RN 
will remove all segments of graft from this beaker using sterile forceps, 
and place them into the sterile cryobag CBE0419 filled with 10% DMSO. 
xxv) RN will fold the opening of cryobag CBE0419 five times. RA will prepare 
6cm x 7 cm Tegaderm and 10 cm x 12 cm Tegaderm. RN will seal the 
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folded area with the 6cm x 7 cm Tegaderm and then with the 10 cm x 12 
cm Tegaderm. 
xxvi) RN will place sealed sterile cryobag CBE0419 into sterile cryobag 
CBE0918. Ensure sterility is maintained. 
xxvii) RN will ensure minimal air is trapped in cryobag CBE0918, and seal the 
bag with thermal impulse sealer. Thermal impulse sealer will be operated 
by RA. 
xxviii) RN will change into non- sterile gloves. 
xxix) Label top part of cryobag as “iliac vessels for cryopreservation” using 
water- proof marker. Place sealed cryobag in sealable biohazard bag. 
xxx) RA will place biohazard bag containing grafts for cryopreservation in 
Recovery area’s 4ºC fridge. 
xxxi) RA will transfer vessels for microbiological testing to the microbiology 
laboratory. Follow designated routes (Refer to appendix 1). 
xxxii) RN will clean up work table. Disposables like micro- pipette tips and 
serological pipette tips should be disposed off in normal trash bags. Gloves 
in direct contact with the iliac vessels will be disposed off in yellow 
biohazard bags. Cutting blades should be disposed off in sharps containers. 
Stained sterile towels and measuring rulers will be disinfected in 
accordance with established protocols of the MOT. Forceps, beakers and 
bottles used for preparation of mediums will be wrapped with autoclaving 
paper and sent for autoclaving. Work station, pipettors and thermal impulse 
sealer will be swabbed with 70% methylated spirit. Final disposal of these 
disposable will be in accordance with established protocols of the MOT. 
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Keep all equipments and DMSO into the equipment box. Keep DMEM 
stock solution in the Recovery area’s 4ºC fridge. 
 
Next day 
RN will collect ice from Block MD 11 level 3 into two sealable bags. Place the ice 
bags each into one ice box; carry both ice boxes to the MOT Recovery area. From 
the 4ºC fridge, remove the biohazard bag containing the cryobags, seal in one ice 
bag, and place in ice box, ready for transfer to Block MD 11 #04-17. Remove 
biohazard bag containing vessels for biomechanical analysis, seal it in ice bag and 
place in ice box. Pass this box to the Engineering post graduate students. RN will 
follow designated routes from MOT to Block MD 11 #04-17 (Refer to appendix 
5). Perform cryopreservation as described in Section 2, page 9 and 10. 
 
Engineering post graduate students will collect the vessels from the RN at the 
MOT Recovery area. Follow designated routes from MOT to DSO building (Refer 
to appendix 2).  Perform CT scanning procedures on the vessels as described in 
Section 3, page 10. Follow designated route to Block MD 11 #B1-20 (Refer to 
appendix 4). Perform biomechanical testing as described in Section 5, page 10 and 
11. 
 
Within office hours  
i) Principle Investigator will inform Research Assistant (RA) and Research 
Nurse (RN) on the availability of graft (after it is confirmed transplant 
recipient does not require the grafts during transplant).  
ii) RN will in turn inform Engineering collaborators. 
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iii) RA and RN will collect ice from Block MD 11 level 3 into three sealable 
bags. Place all three ice bags into one ice box, and fill the other ice box till 
half full with ice. Collect the equipment box from the department of 
surgery office and transfer the two ice boxes and equipment box to Main 
Operating Theatre (MOT) in the National University Hospital (NUH), 
Singapore.  
iv) RA and RN will put on proper operating theatre attire, and enter MOT. 
v) Place ice box containing the three ice bags on the floor at a corner. 
vi) Put on non- sterile gloves. 
vii) Prepare non- sterile working table: Place equipment box on the bottom 
level of the working table. Place ice box half filled with ice on left side of 
table. Swab surface of working table with 70% methylated spirit.  
viii) Place thermal impulse sealer on a table close to a power point. Swab table 
and sealing surface of thermal impulse sealer (not connected to power 
point yet) with 70% methylated spirit. Once dry, connect thermal impulse 
sealer to power point, but do not switch on power yet. 
ix) Place the transplant ice box that was used for holding the liver graft and is 
still holding the iliac vessels beside the non- sterile working table. 
x) Working on the non- sterile working table, label 2 sterile beakers with 
waterproof markers: “5% DMSO”, “10% DMSO”. Label sterile blue cap 
bottle: “10% DMSO”. Label two leak- proof sterile containers: “Iliac 
vessels for microbiology testing; Study number: __”, “iliac vessels for 
biomechanical testing; Study number:__”. 
xi) Using aseptic techniques, RN will prepare 40 mls of 5% Dimethyl 
Sulfoxide (DMSO) in Eagle’s Dulbecco’s Modified Eagle’s Medium 
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(DMEM) in the sterile beaker labelled as “5% DMSO”. Use sterile 
serological pipettes to transfer 38 mls of DMEM into beaker. Use 
micropipettors with sterile pipette tips to transfer 2 mls of DMSO into 
beaker. Mix well and place on ice (in ice box on left side of non- sterile 
working table). 
xii) Using aseptic techniques, RN will prepare 80 mls of 10% DMSO in 
Eagle’s DMEM in a sterile blue cap bottle. Use sterile serological pipettes 
to transfer 72 mls of DMEM into bottle. Use sterile serological pipettes to 
transfer 8 mls of DMSO into bottle. Mix well. Aliquot 40 mls into the 
sterile beaker labelled “10% DMSO”, and place on ice (in ice box on left 
side of non- sterile working table). 
xiii) Replace cap of blue cap sterile bottle, and place bottle containing 
remaining 40 mls of 10% DMSO on ice too. 
xiv) RA will transfer 30 mls of HTK medium (used for preserving the liver 
graft) with the help of the scrub nurse into the sterile leak- proof screw cap 
container labelled “iliac vessels for biomechanical testing” using sterile 
serological pipette.   
xv) Prepare sterile working table: RN will swab table with 70% methylated 
spirit, wash hands, scrub up, put on sterile gloves and gown. RN will then 
drape sterile towels on sterile working table. RA will retrieve containers 
containing the iliac vessels from the transplant ice box, and open the 
containers for RN’s access to the grafts. 
xvi) RN will remove grafts from containers using sterile forceps.  
Appendix C: Experiment protocol--Cryopreserved Cadaveric Vascular 
Grafts: Studying the Long Term Effects of Cryopreservation 
 121
xvii) Using sterile blades, RN will cut out two segments of 5 cm each from the 
iliac artery and two segments of 5 cm each from the iliac vein on the 
sterile towels.  
xviii) RN will place the remaining iliac artery and vein in their respective 
containers with HTK medium (standby for patient’s use in event of 
adverse events after transplant) and the RA will close the containers and 
place them back into the transplant ice box. 
xix) Using sterile blades, RN will further cut the 5 cm segments into 1 cm and 
4 cm segments. 
xx) RN will place one 1 cm segment of artery and one 1 cm segment of vein 
into the sterile container labelled “Iliac vessels for microbiology testing; 
Study number:__”. RA will close the container and seal it into a biohazard 
bag. RA will take one ice bag from the ice box at the corner of the room, 
seal biohazard bag containing the vessels in it, attach the study 
microbiology test requisition form, and place it back into the ice box. 
xxi) RN will place one 4 cm segment of artery and one 4 cm segment of vein 
into container of HTK medium labelled “iliac vessels for biomechanical 
testing”; Study number:__”. RA will close the container and seal it into a 
biohazard bag containing paper towels sufficient to absorb the medium in 
event of leakage. RA will label this bag “iliac vessels for biomechanical 
testing” with water proof marker, place it in the second ice bag, seal the ice 
bag and place it back into the ice box.  
xxii) RA will retrieve beaker containing 5% DMSO from ice and place it on the 
non- sterile working table. RN will place the remaining 1 cm and 4 cm 
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segments of artery and 1 cm and 4 cm segments of vein into it. RA will 
place beaker back on ice for 10 mins. 
xxiii) After 10 mins, RA will retrieve beaker containing 5% DMSO and vessels 
from ice, and place it on the non- sterile working table. RA will also 
retrieve beaker containing 10% DMSO from ice and place it on the non- 
sterile working table. RN will remove all segments using sterile forceps 
from 5% DMSO, and place them into beaker containing 10% DMSO. RA 
will place this beaker back on ice for 10 mins. 
xxiv) While waiting, RA will push cryobags out of their packaging onto the 
sterile towels. 
xxv) RA will use sterile serological pipette and aliquote 40 mls of 4ºC 10% 
DMSO (from bottle on ice) into cryobag CBE0419 held by RN.  
xxvi) After the 10 mins is up, RA will retrieve beaker containing 10% DMSO 
and vessels from ice and place beaker on non- sterile working table. RN 
will remove all segments of graft from this beaker using sterile forceps, 
and place them into the sterile cryobag CBE0419 filled with 10% DMSO. 
xxvii) RN will fold the opening of cryobag CBE0419 five times. RA will prepare 
6cm x 7 cm Tegaderm and 10 cm x 12 cm Tegaderm. RN will seal the 
folded area with the 6cm x 7 cm Tegaderm and then with the 10 cm x 12 
cm Tegaderm. 
xxviii) RN will place sealed sterile cryobag CBE0419 into sterile cryobag 
CBE0918. Ensure sterility is maintained. 
xxix) RN will ensure minimal air is trapped in cryobag CBE0918, and seal the 
bag with thermal impulse sealer. Thermal impulse sealer will be operated 
by RA. 
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xxx) RN will change into non- sterile gloves. 
xxxi) Label top part of cryobag as “iliac vessels for cryopreservation” using 
water- proof marker. Place sealed cryobag in sealable biohazard bag, and 
then into the third ice bag from the ice box. Place this bag back into the ice 
box containing the vessels to be sent for microbiological testing and for 
biomechanical testing. 
xxxii) Dispose off ice in the ice box on non- sterile table into the sink. 
xxxiii) Place the bag containing vessels for biomechanical testing into this ice box, 
and pass the ice box to the Engineering post graduate student waiting at 
the Recovery area. Engineering post graduate student will transfer the 
vessels to DSO building, level 4 for Computed Tomography (CT) scanning. 
Follow designated route (Refer to appendix 2). 
xxxiv) RA will transfer vessels for microbiological testing to the microbiology 
laboratory. Follow designated routes (Refer to appendix 1). 
xxxv) RN will clean up work table. Disposables like micro- pipette tips and 
serological pipette tips should be disposed off in normal trash bags. Gloves 
in direct contact with the iliac vessels will be disposed off in yellow 
biohazard bags. Cutting blades should be disposed off in sharps containers. 
Stained sterile towels and measuring rulers will be disinfected in 
accordance with established protocols of the MOT. Forceps, beakers and 
bottles used for preparation of mediums will be wrapped with autoclaving 
paper and sent for autoclaving. Work station, pipettors and thermal impulse 
sealer will be swabbed with 70% methylated spirit. Final disposal of these 
disposable will be in accordance with established protocols of the MOT. 
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Keep all equipments and DMSO into the equipment box. Keep DMEM 
stock solution in the Recovery area’s 4ºC fridge. 
xxxvi) After sending the vessels to the microbiology laboratory, RA will transfer 
the vessels prepared for cryopreservation to Block MD 11, #04-17. Follow 
designated route (Refer to appendix 3).  
 
2. Cryopreservation of Grafts 
i) Open laboratory window behind the Planer Kryo 10. 
ii) Switch on power supply of Planer Kryo 10. 
iii) Choose correct program, check that parameters are correct. 
iv) Check liquid nitrogen level. 
v) Connect liquid nitrogen tank to the Planer Kryo 10. 
vi) Switch on power supply below nitrogen tank. Wait till PSI reach 5-7. 
vii) Run program, put cryobag into cooling chamber when prompted. Close 
cover. 
- Start temperature   4 °C (CHAMBER) 
- Hold  15min 
- Rate  -10 °C 
- Temperature  -15 °C   (CHAMBER) 
- Hold  2min 
- Rate  -3 °C 
- Temperature  -34 °C   (CHAMBER) 
- Hold  1min 
- Rate  -30 °C 
- Temperature  -100 °C (CHAMBER) 
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- Rate  15 °C 
- Temperature  -35 °C   (CHAMBER) 
- Hold  8min 
- Rate  -0.8 °C 
- Temperature -60 °C   (CHAMBER) 
- Rate -3 °C 
- Temperature  -90 °C  (CHAMBER) 
- Rate  -10 °C 
- Temperature  -150 °C (CHAMBER) 
- Hold  5min 
  (Total time: approximately 90 min) 
viii) Transfer cryobag immediately to -150ºC freezer when prompted. 
ix) Allow the Planer Kryo 10 to warm up to room temperature. 
x) Stop the Planer Kryo 10 once machine beebs and show “Ready to restart” 
on screen. 
xi) Let PSI drop to 0. 
xii) Disconnect the liquid nitrogen tank from the Planer Kryo 10, and fasten 
the tank’s cap on tightly. 
xiii) Clean up workstations. Unstained biohazard bags and ice bags should be 
disposed off in normal trashbag. Dispose off ice in sink.  
 
3. Computed Tomography (CT) Scan of Grafts 
CT scans will be performed on 4 cm of iliac artery and 4 cm of iliac vein. 
i) Engineering post graduate students will put on lab coats and non- sterile 
gloves before handling the vessels. 
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ii) Retrieve the primary sterile container from the ice bag and biohazard bag 
containing paper towels.  
iii) Remove the vessels from the container and fix them on the plastic fixture 
use for suspending the vessels. 
iv) Perform CT scanning. 
v) Place vessels back into the primary container, cap tightly and place this 
container into the biohazard bag with paper towels. Place sealed biohazard 
bag into the ice bag, seal tightly and transfer in ice box to Block MD 11, 
#B1-20 for biomechanical testing. Follow designated route. (Refer to 
appendix 4) 
4. Microbiological Analysis of Grafts 
Aerobic and anaerobic bacterial culture and fungal culture will be performed in the 
microbiology laboratory in NUH.  
5. Measuring the Biomechanical Properties of Grafts  
Preparation  
i) Wear labcoat, and shoe covers before entering laboratory. 
ii) Put on gloves before starting work. 
iii) Wipe work table with Clorox before use. 
iv) Lay work table with Incopad. 
v) Remove vessels from the primary container. 
vi) Measure the weight of lower clamp and upper clamp. (to offset load 
applied onto specimen) 
(If these two data were missed out, it can be taken after experiment) 
vii) Measure outer diameter and inner diameter, record origin length before 
and after clamping 
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viii) Clamp vessel on to fixture. 
Test 1: Pressure –diameter test 
i) Put L support and specimen into tank. Connect with pump.  
ii) Slowly increase pressure up to 120mmHg/ max pump pressure. 
iii) Take video record for both pressure reading and specimen. 
Test 2: Hysteresis test 
i) Pull specimen to stretch ratio 1.5 -2 and return to origin immediately with 
low speed (0.1mm/s to 2 mm/s). 
Test 3: Tensile test 
i) Pull specimen to get stretch ratio 1.5- 2  with low speed 
ii) Record data 
Test 4: Relaxation test 
i) On the base of tensile test, hold the specimen for another 5min (300s), 
record the data together with tensile test continuously. 
Test 5: Creep test. 
i) Find out force applied to get stretch ratio 1.5- 2, set the force as a constant 
force for creep test, and pull the specimen with this constant force to 
observe length changing with respect to time. 
Testing complete 
i) Remove specimen and dispose off in big yellow biohazard bags. 
ii) Clean up workstation in #B1-20. Plastic containers, gloves and disposables 
in direct contact with the cadaveric grafts or stained with the transfer 
mediums will be disposed off in big yellow biohazard bags. Final disposal 
of these yellow biohazard bags will be in accordance with established 
protocols of the Department of Orthopaedic Surgery. Unstained biohazard 
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bags and paper towels may be disposed off in normal trash bags. Wash 
equipments with Clorox and then with water.  
6. Thawing of Grafts 
Warm grafts slowly to -80ºC, then warm quickly in water bath at 37ºC until all the ice 
have melted. 
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i) Exit from MOT Recovery area on Level 2 Main Building. 
ii) Walk along corridor outside the MOT. 
iii) Walk towards Lift Lobby 5. 
iv) Take lifts at Lift Lobby 5 to level 3. 
v) Walk along corridor pass dentistry clinic 3 and pathology laboratory to the 
Microbiology Laboratory. 
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Appendix 2 
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i) Exit from NUH main building MOT recovery area at Level 2, and take 
lifts at Lift Lobby 4 to level 1. 
ii) Go to main lobby and exit through NUH main building exit. 
iii) Cross over to Block MD 11. 
iv) Walk along corridor towards Block MD7. 
v) Descend stairs and walk towards DSO building (Kent Ridge). 
vi) Take lifts up to level 4. 
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Appendix 3 
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i) Walk along corridors past Pathology Museum and Dermatology 
Laboratory, to Lift Lobby 1. 
ii) Take lifts at Lift Lobby 1 to level 1. 
iii) Walk along corridors outside main building, past ambulance pick- up and 
drop- off point and the shuttle bus stand. 
iv) Cross over to Block MD 11. 
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Appendix 4 









i) Take lifts down to level 1. 
ii) Walk towards MD 7. 
iii) Walk along pathway leading from Block MD 7 to Block MD 11. 
iv) Ascend stairs along the pathway, and walk in the direction of Block MD 
11. 
v) Take lifts at Block MD 11 down to B1. 
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Appendix 5 
















i) Exit from NUH main building MOT recovery at Level 2, and take lifts at 
Lift Lobby 4 to level 1. 
ii) Go to main lobby and exit through NUH main building exit. 
iii) Cross over to Block MD 11. 
iv) Take lifts at Block MD 11 up to #04-17.  
 
 
Level 2 NUH Main Building Level 1 NUH Main 
Building 
